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FOREWORD 


The  research  reported  herein  was  supported  by  the  Office  of  Naval 
Research,  Power  Branch,  Code  473,  with  Drs.  R.  S.  Miller  and  R.  Roberts 
and  Messrs.  R.  Jackel  and  R.  Hanson  as  Scientific  Officers.  This 
report  covers  the  period  1 April  1970  through  31  December  1978.  The 
program  has  been  directed  by  Dr.  K.  0.  Christe  and,  in  its  early 
stages,  by  Dr.  D.  Pilipovich.  The  scientific  effort  was  carried  out 
mainly  by  Drs.  K.  0.  Christe  and  C.  J.  Schack  and  Mr.  R.  D.  Wilson 
with  contributions  from  Drs.  E.  C.  Curtis,  W.  W.  Wilson,  I.  B. 

Goldberg,  D.  Pilipovich,  R.  I.  Wagner,  J.  F.  Hon,  C.  B.  Lindahl, 

H.  H.  Rogers,  M.  D.  Lind,  A.  E.  Axworthy,  and  H.  R.  Crowe  (all  at 
Rockwell  International).  Other  contributors  to  these  research  efforts, 
at  no  cost  to  the  contract  were:  W.  Sawodny  and  W.  Kuhlmann  (University 
of  Ulm,  Germany),  R.  Bougon  (French  Atomic  Energy  Commission),  A.  Roland 
(University  of  California,  Berkeley),  E.  Jacob  (M.A.N.,  Munich,  Germany), 
P.  Pulay  (Hungarian  Academy  of  Sciences),  S.  J.  Cyvin  and  J.  Brunvoll 
(University  Trondheim,  Norway),  A.  J.  Edwards  (University  of  Birmingham, 
England),  D.  Naumann  and  H.  Willner  (University  of  Dortmund,  Germany), 
and  S.  P.  Mishra  and  M.  C.  R.  Symmons  (University  of  Leicester,  England). 
The  program  was  administered  by  Drs.  L.  R.  Grant,  B.  Tuffly,  and 
E.  A.  Lawton. 
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INTRODUCTION 


This  is  the  final  report  of  a research  program  carried  out  at  Rocketdyne  between 

1 April  1970  and  31  December  1978.  The  purpose  of  this  program  was  to  explore 

the  synthesis  and  properties  of  energetic  inorganic  halogen  oxidizers.  Although 

the  program  was  directed  toward  basic  research,  applications  of  the  results  were 

continuously  considered.  Whereas  at  the  onset  of  the  program,  the  emphasis  was 

mainly  oi.  energetic  ingredients  for  propellant  applications,  in  the  later  stages 

it  shifted  more  toward  chemical  lasers.  A typical  example  for  the  usefulness  of 

such  goal-oriented  basic  research  is  the  application  of  the  NF+  salt  chemistry 

+ ** 

developed  under  this  program.  These  NF^  salts  have  become  the  principal  ingredi- 
ents in  solid  propellant  NF^-F^  gas  generators  for  chemical  HF-DF  lasers. 

Only  completed  items  of  research,  which  have  been  summarized  in  manuscript  form, 
are  included  in  this  report.  A total  of  82  technical  papers  were  published  and  4 
papers  are  in  press  in  major  scientific  journals.  In  additon,  23  papers  were 
presented  at  international  and  national  conferences.  A further  testimony  to  the 
creativity  cf  this  program  is  the  fact  that  it  resulted  in  .14  U.S,  patents  issued 
and  4 pending. 

The  complete  results  of  the  work  under  this  contract  were  summarized  in  105  tech- 
nical papers  and  patents,  and  are  reproduced  in  Appendix  A. 
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( RESULTS  AND  DISCUSSION 

In  view  of  the  very  large  amount  of  data  generated  under  this  program  and  their 
highly  diversified  nature,  we  will  restrict  ourselves  to  highlight  only  those 
areas  that  are  most  important  and  in  which  our  efforts  were  most  heavily 
concentrated. 

NITROGEN  FLUORIDE  CHEMISTRY 


For  a long  time,  nitrogen  fluorides  have  been  of  great  interest  as  advanced  oxi- 
dizers for  rocket  propulsion.  Of  these,  nitrogen  trifluoride  is  the  most  important 
compound  because  it  combines  a high  fluorine  and  energy  content  with  a remarkable 
inertness.  Its  only  major  drawback  is  its  low  boiling  point  of  -129  C.  There- 
fore, the  conversion  of  NF^  into  stable  storable  solids  without  significant  loss 
in  energy  was  highly  desirable.  The  first  step  in  this  direction  was  undertaken 
in  1965  when  one  of  us,  under  ONR  sponsorship  at  Stauffer  Chemical  (Ref.  1),  dis- 
covered the  existence  of  the  stable  NF^AsF^  salt.  However,  it  was  not  until 
1971  when,  with  the  advent  of  chemical  HF-DF  lasers,  the  interest  in  storable 
NF3-F2  sources  was  renewed. 

It  became  rapidly  obvious  that  NF^  salts  are  the  most  promising  oxidizers  for 
solid  propellant  NF3-F2  gas  generators.  The  concept  of  such  a gas  generator  was 
conceived  (Ref.  2)  and,  to  a large  extent  (Ref.  3 through  9),  developed  at  Rocket- 
dyne.  It  offers  significant  logistics  and  safety  advantages  over  cryogenic  or 
storable  liquid  oxidizers. 

In  a chemical  HF-DF  laser,  F atoms  are  generated  by  burning  F2  in  a precombustor 
with  a fuel,  such  as  hydrogen: 

F2  + H ► HF  + F* 


o 
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The  F atoms  are  subsequently  reacted  with  a cavity  fuel,  such  as  D2»  to  produce 
vibrationally  excited  DF  as  the  active  lasing  species: 


V. 


F*  + D„ 


DF*  + D 


In  the  original  solid  F atom  generator  concept  (Ref.  2),  the  F atoms  were  directly 
generated  by  burning  the  solid  propellant  grain,  thus  eliminating  the  need  of  a 
precombustor.  This  concept  is  demonstrated  for  NF^BF^  with  a small  percentage  of 
Teflon  serving  both  as  a fuel  and  a binder.  The  heat  of  reaction  (Q)  is  suffi- 
cient to  dissociate  most  of  the  NF^  and  F2  to  F atoms  and  N2 : 


NF4BF4  + (CF2)n 


CF 


\ + bf3  + nf3  + q 


2NF3  + Q 


N2  + 6F' 


From  a practical  point  of  view,  however,  such  a direct  generation  of  F atoms  is 
not  desirable,  since  it  does  not  allow  the  necessary  flow  controls  and  flexibility 
required  for  operation.  Consequently,  the  concept  was  modified  to  that  of  an 
NF3-F2  molecule  generator,  using  a gas  catch  tank.  Further  modification  of  this 
concept  became  necessary,  when  system  analysis  data  revealed  that  gaseous  by- 
products of  high  molecular  weight  and  low  Cp/Cv  significantly  degrade  the  perfor- 
mance of  a laser.  Consequently,  an  NF3~F2  gas  generator  was  desired  that  would 
produce  no  gases  other  than  NF3  and  F2*  The  latter  objective  can  be  achieved  by 
a so-called  clinker  system  in  which  the  BF3  byproduct  is  converted  by  an  alkali 

metal  fluoride  to  a nonvolatile  BF.  salt: 

A 


NF.BF.  + KF 
A A 


+9_ 


KBF4  + NF3  + F2 


Whereas  the  feasibility  of  such  a clinker  system  approach  has  been  well  demonstra- 
ted, the  addition  of  KF  lowers  the  NF3-F,,  yield  per  pound  of  solid  propellant  and 
the  possibility  always  exists  of  having  incomplete  clinkering. 
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Realizing  these  limitations,  we  have  searched  for  novel  NF^  salts  containing 
anions  that  will  yield  a nonvolatile  fluoride,  such  as  SnF^  (boiling  point  * 

705  C),  after  thermal  decomposition.  No  such  salts  had  previously  been  known, 
owing  to  the  fact  that  nonvolatile  fluorides  are  highly  polymeric  and,  there- 
fore, do  not  behave,  like  strong  Lewis  acids.  This  makes  the  direct  synthesis 
of  such  salts  from  NF^,  F^,  and  the  Lewis  acid  extremely  difficult.  We  found, 
however,  that  (NF.)»SnF,  can  be  prepared  (pub.  68)  by  the  following  metathetical 
reaction  in  HF  solution: 


Cs0SnF,  + 2NF. SbF, 
2 6 4 6 


HF  sol 


2CsSbF6+  + (NF^Sr.F 


Further  improvements  were  made  by  synthesizing  novel  NF^  salts  derived  from 
TiF^  (pub.  70).  Although  the  usable  fluorine  content  of  (NF^^TiF^  (Table  1) 
is  considerably  higher  than  that  of  (NF^^SnF^.,  TiF^  (sublimation  pressure  of 
760  mm  at  284  C)  is  more  volatile  than  SnF^  (boiling  point  = 705  C)  and  may 
require  alkali  metal  fluoride  Lased  clinkering. 

TABLE  1.  COMPARISON  OF  THE  FLUORINE  YIELDS  OF  PRESENTLY 
KNOWN  NF3-F2  GAS  GENERATOR  SYSTEMS 


Rank 

System 

Usable  F,  wt  % 

Before 

After  Burning 

I 

(NFA)2NiF6 

64.6 

58.6 

2 

(N<V2TiF&* 

55.6 

49.6 

3 

(NF1()2SnF6 

46.0 

40 . 0 

4 

(NF4)2TiF6.2.4KF 

39-5 

33.5 

5 

NF^BF^* 1 . 2KF 

38.5 

32.5 

6 

(NFj4)2GeF6-2.4KF 

37.6 

31.6 

7 

NF^SnFg 

31.3 

25-3 

8 

NF^PFg’ 1 .2KF 

31.2 

25.2 

9 

NF^GeFj."  1 .2KF 

29.0 

23.0 

10 

NF^AsF^* 1 .2KF 

27.3 

21.3 

1 1 

NF^SbF^* 1 .2KF 

24.0 

18.0 

12 

NF^BiF^'l .2KF 

19-7 

13.7 

*(NF4)2TiF6  might  require  ci inker ing  with  KF  which 
would  drop  its  fluorine  yield  below  that  of 
(«*F<|)2SnF6  
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The  usable  fluorine  content  was  further  increased  by  synthesizing  a NF^  salt  of 
an  oxidizing  anion.  This  salt  is  (NF^)2NiF^  (pub.  73,  124)).  It  has  the  advan- 
tages of  containing  a doubly  charged  anion  which  is  "self-clinkering,"  and  an 
oxidizing  anion,  thus  boosting  its  usable  fluorine  content  to  64.6  wt  % (Table  1) . 
Its  potential  as  an  oxidizer  and  an  ingredient  for  a solid  propellant  NF2~F2  gas 

generator  for  chemical  HF-DF  lasers  becomes  evident  from  the  following  comparison, 

3 

On  thermal  decomposition,  1 cm  of  solid  (NF^^NiF^  is  capable  of  producing  1?'. 
more  useful  fluorine  values,  i.e.,  in  the  form  of  and  NF^,  than  liquid  F^  at 
-187  C.  Furthermore,  (NF^^NiF^  is  a stable  solid  at  ambient  temperature  that 
can  be  safely  stored  without  requiring  cryogenic  cooling.  However,  its  thermal 
stability  is  marginal,  which  may  limit  its  potential  applications. 

Since  all  of  the  top  ranked  NF*  salts  are  prepared  by  metathetical  processes, 
this  process  was  studied  in  more  detail  and  was  significantly  improved.  A major 
breakthrough  in  the  process  development  was  chieved  by  demonstrating  that  essen- 
tially pure  NF^BF^  can  be  produced  by  metathesis.  Furthermore,  the  synthesis 
of  the  NF^SbF^  starting  material  was  improved  and  a novel  alternate  starting 
material,  i.e.,  NF^BiF^,  was  synthesized  and  characterized  (pub.  66,  74,  123). 

In  addition  to  the  above  vrork,  a novel  uv-photolysis  process  was  developed  for 
the  production  of  NfT  salts  (pub.  36,  60).  This  process  provided  several  novel 
and  some  known  NF^  salts  of  extremely  high  purity  which  were  used  (pub.  60)  for 
their  thorough  characterization.  In  connection  with  an  on-going  ARO  program 
(Ref.  10),  the  mechanism  of  the  formation  and  decomposition  of  NF^  salt  was 
studied  and  clarified  (pub.  83).  It  was  shown  that  this  highly  unusual  reaction 
involves  the  following  four  equilibria: 


AE 


-to- 


2F« 


NF;  + MF, 
4 5 


NF*MF~  + F\ 


nfImfT 

4 6 
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In  the  course  of  this  study,  the  interesting  novel  NF^  radical  cation  was  pre- 
pared and  identified  (pub.  49,  76,  82). 

The  possibility  of  synthesizing  NfT  salts  in  a simple  one-step  process  by  direct 

4-  ** 

fluorination  of  NF^  salts  in  anhydrous  HF  solution  was  also  studied.  It  was  found 
(pub.  55)  that  the  hitherto  unknown  N^F^  cation  is  stable  in  HF  solution,  but 
that  the  NF^H+  cation  does  not  exist,  thus  explaining  the  termination  of  the 
fluorination  reaction  at  the  NF^  +HF  stage. 

In  addition  to  the  above  work  on  NF?"  salts,  we  have  also  studied  the  closely 
+ + ^ 

related  N2F  (pub.  4)  and  ^F^  (pub.  81)  salts  and  refuted  (pub.  51,  75)  claims 
for  N2F^  (Ref.  11)  and  several  novel  nitrogen  oxyfluorides  (Ref.  12). 

In  summary,  the  work  under  this  contract  has  laid  the  ground  work  necessary  for 
the  development  of  NF^  salts  from  exotic  laboratory  curiosities  to  extremely 
useful  oxidizers  that  can  be  produced  on  large  scale.  These  salts  are  useful  for 
solid  propellant  NF^-F^  gas  generators  for  chemical  lasers  and  for  high-detonation 
pressure  explosives  (pub.  126). 

HALOGEN  FLUORIDES  AND  OXYFLUORIDES 

Halogen  fluorides  and  oxyfluorides  are  of  great  interest  as  storable  liquid  rocket 
propellants.  Therefore,  it  is  not  surprising  that  a large  percentage  of  our 
effort,  as  shown  by  34  publications,  was  aimed  in  this  direction.  The  most 
significant  achievements  were  the  discovery  and  complete  characterization  of  CIF^O 
(pub.  11-17)  and  CIF^O^  (pub.  19,  31,  35,  113,  120).  Theoretical  performance 
calculations  with  MMH  as  fuel  (Table  2)  show  that  these  oxidizers  offer  a signi- 
ficant improvement  over  CIF^  or  FCIO^. 

We  have  also  studied,  in  detail,  the  syntheses  and  properties  of  ionic  solids 
derived  from  chlorine  fluorides  and  oxyfluorides.  The  two  most  interesting  ions 
discovered  were  the  CIF^  (pub.  20,  30)  and  the  CIO2F2  cation  (pub.  18,  32,  115). 
Other  ions  prepared  and  studied  included  C102F2  (pub.  7),  BrF^  (pub.  9),  IF^ 


14.7  psia,  Shifting  Composition,  Fuel  MMH) 
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(P  = 1000,  P = 
c e 


Oxidizer 

Spec i f ic 

cif3 

283 

fcio2 

288 

fcio3 

232 

Cl  F 0 

299 

C’FS  a 

301 

C,F3°2 

30l* 

[ClF50]a*b 

314 

o 


impulse,  seconds 


O 


a.  Assuming  AHf  ClF^i^  “ "32  kcal/mol  and  AHf  CIF^O  = -55-6 
kcal/mol  based  on  the  known  values  of  other  chlorine 
fluorides  and  oxyfluorides  and  the  extrapolations  given 
in  Ref.  13 

b.  Hypothetical  compound 


(pub.  23),  IF,  (pub.  25),  chlorine  fluoride  cations  (pub.  26,  37,  61),  BrF*  (pub. 

-f  ^ — 

50),  BrF2  (pub.  64),  and  BrF^O  (pub.  77).  Vibrational  spectroscopy  and  force 

field  computations  were  used  to  elucidate  the  structures  and  bonding  in  these  ions 

and  in  the  following  molecules:  CIF^  (pub.  1),  BrF?  (pub.  3),  BrF^O  (pub.  78) 

and  FBr02  (pub.  80).  In  addition,  improved  syntheses  were  discovered  for  C1F 

(pub.  28)  and  FC10„  (pub.  47),  and  the  reaction  chemistry  of  chlorine  fluorides 
^ + 

with  hydroxyl  compounds  (pub.  21)  and  of  Cl2F  with  xenon  (pub.  33)  was  investi- 
gated. All  these  studies  signif i'cantly  contributed  to  the  understanding  of  halo- 
gen fluorides,  and  reviews  on  halogen  fluorides  (pub.  39)  and  chlorine  oxyfluo- 
rides (pub.  57)  were  written. 

PERCHLORATES 

Based  on  its  high  energy  content  and  unusual  kinetic  stability,  the  perchlorato 
group  is  an  extremely  important  ingredient  in  energetic  oxidizers.  With  the 


i ) 
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discovery  of  chlorine  perchlorate  and  bromine  perchlorate  under  this  contract 
(pub.  Ill),  two  very  useful  synthetic  reagents  became  available  for  the  intro- 
duction of  perchlorato  groups  into  molecules.  The  potential  of  these  new  reagents 
was  thoroughly  investigated  and  is  demonstrated  by  the  fact  that  22  publications 
and  patents  were  generated  in  this  area.  Among  the  novel  compounds  prepared  in 
this  manner  are  the  fluorocarbon  perchlorates  (pub.  29,  42,  43,  46,  79,  86,  89, 

92,  97,  99,  104),  anhydrous  metal  perchlorates  (pub.  59,  118),  and  halogen  per- 
chlorates (22,  40,  114,  116).  The  fluorocarbon  perchlorates  have  potential  as 
energetic  ingredients  in  solid  propellants,  and  the  anhydrous  metal  perchlorates 
show  promise  for  high  detonation  pressure  explosives  (pub.  126).  In  addition, 
an  improved  process  for  the  production  of  NO^CIO^  was  discovered  (pub.  119), 
based  on  the  reaction  of  ozone  with  chlorine  nitrate. 

NOVEL  ONIUM  SALTS 

Protonation  studies  in  anhydrous  super  acids,  such  as  HF-SbF^,  led  to  the  dis- 
covery of  numerous  novel  solid  onium  salts.  These  salts  include  the  following 
onium  cations:  OH*  (pub.  53,  121),  SH*  (pub.  54,  117),  N^F*  (pub.  55),  and 
H200H+  (pub.  85,  108).  The  OH*  salts  are  of  significant  interest.  They  are  the 
most  stable  onium  salts  presently  known  and  are  solid  super  acids.  They  are 
extremely  powerful  Friedel  Craft  type  catalysts,  capable  of  rapidly  polymerizing 
epoxides  and  resulting  in  high  crosslinking  (Ref.  14).  Furthermore,  the  forma- 
tion of  OH*  salts  offers  an  excellent  method  for  removal  of  water  from  HF  (pub. 

J + 

53,  74).  The  fact  that  OH^  salts  are  stable  solid  super  acids  is  also  of  signi- 
ficance because  it  allows  their  safe  transportation  and  storage  without  the 
corrosivity  and  potential  danger  of  spills  associated  with  conventional  liquid 
acids. 

Other  onium  salts  discovered  include  SH^SbF^,  the  first  known  example  of  a stable 
unsubstituted  sulfonium  salt  (pub.  54,  117).  In  view  of  the  fact  that  the  corres- 
ponding ammonium  (NH*)  salts  had  been  known  for  many  centuries,  it  was  very  sur- 
prising that  these  simple  sulfonium  salts  had  not  been  discovered  sooner.  Other 
interesting  onium  ions  include  and  H200H*.  Both  cations  are  of  significant 
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interest  for  laser-related  applications.  The  former  can  undergo  a highly  exo- 
thermic HF  elimination  to  give  excited  NF^  and  the  latter  might  react 
with  halogens  to  give  excited  molecular  oxygen. 

SULFUR  FLUORIDES 

Sulfur  fluorides  are  of  interest  not  only  because  they  serve  as  excellent  model 
compounds  for  the  isoelectronic  chlorine  fluorides  but,  also,  because  they  are 
good  energetic  oxidizers.  For  example,  characterization  of  SF^Q  (pub.  27)  and 

SF.O  (pub.  71)  was  important  to  allow  the  prediction  of  the  spectroscopic  pro- 

* + 
perties  of  the  yet  unknown  isoelectronic  CIF^O  and  ClF^O  species.  The  SF^Br 

molecule  (pub.  69)  is  of  interest  as  a model  compound  for  laser-induced  sulfur 

isotope  separation.  In  addition  to  chese  sulfur  fluorides,  we  have  characterized 

SFj.  (pub.  24)  and  SF^  (pub.  38,  61,  84).  The  vibrational  assignment  of  the 

latter  were  unusually  challenging  and  serve  as  a model  for  those  in  related 

pseudo-trigonal  bipyramidal  molecules. 

MISCELLANEOUS 


In  addition  to  the  above  main  areas  of  interest,  the  following  miscellaneous 
studies  were  undertaken.  A simple  process  for  the  purification  of  fluorine  was 
discovered  (pub.  72)  and  the  new  SeF^Cl  molecule  was  prepared  (pub.  8)  and  charac- 
terized (pub.  10).  The  oxidation  of  (CF^^NO  (pub.  41)  and  XeOF^  (pub.  56)  with 
oxidizers,  such  as  PtF, , was  investigated.  Known  and  novel  0*  salts  (pub.  48, 

62)  were  prepared  and  characterized,  and  the  structures  of  XeF^  (pub.  63), 

Pl^F^  (pub.  65)  and  CF^O  (pub.  52)  were  determined. 

CONCLUSION 

The  results  from  this  contract  have  demonstrated  that  the  field  of  inorganic 
halogen  oxidizers  is  an  extremely  promising  and  rewarding  area  of  research. 

There  are  many  potential  uses  for  novel  energetic  compounds  in  traditional  and 
new  applications,  such  as  rocket  propellants,  explosives  and  chemical  lasers,  and 
continuing  efforts  in  this  direction  are  definitely  warranted.  Furthermore,  the 
production  of  this  program  proves  the  feasibility  and  benefits  that  can  be  ex- 
pected from  well-planned,  goal-oriented  basic  research  and  program  continuity. 
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matrix  isolation  stud?  of  C1F5 

( Received  18  May  1970) 

Abstract — Tlio  infrared  spectra  of  ClFt  have  boon  rocordod  in  argon  and  nitrogon  matr  ices. 
Tho  previously  suggested  and  very  unusual  triplo  coincidence  of  two  doformntionol  and  one 
stretching  mode  at  about  480  cm-1  has  been  oxporimontally  confirmed.  Tho  observed  Cl-^-Cl37 
isotopo  splittings  permit  assignment,  of  tho  bands  to  tho  individual  modes.  .Spectroscopic 
evidence  is  presented  for  association  of  C1FS  in  tho  pure  solid  and  in  Ar  matrix  at  low  dilution 
ratios. 

Tiie  vibrational  spectrum  of  C1FS  lias  been  roportod  by  Begun  c.t  id.  [I],  A squaro-pyramidal 
st.ruetuve  of  syminotry  0<„  was  assigned  to  C’IF6  by  comparison  with  tlio  spect  ra  of  BrF6,  IFS,  and 
XcOFj  However,  the  spectrum  of  C1FS  exhibited  in  tho  rango  of  tho  fundamental  vibrations  two 
bands  less  than  the  number  observed  for  tho  remaining  squaro-pyramidal  moloculcs  of  this 
series.  A triple  coincidence  of  ono  stretching  ( v4 ) and  two  deformational  (v3  and  vg)  modes  at 
about  480  ctn-1  and  a douhlo  coincidence  of  rq  and  r7  in  the  infrared  spectrum  at  about  730  cm-1 
were  suggested  [1]  to  obtain  tho  prope  lumber  of  fundamental  vibrations  for  syminotry  Civ. 
Since  the  oeeurrcnco  of  stretching  and  deformational  inodes  in  tho  sumo  frequency  rango  is  quite 
unusual  and  sinco  tho  assignment  of  Begun  et  al.  [1]  results  in  an  unexpectedly  low  intensity  for 
va  in  tho  Raman  spectrum,  additional  experimental  data  on  tho  vibrational  spoctrum  of  C1F( 
appeared  to  bo  very  desirable.  In  this  paper  wo  wish  to  report  tho  infrared  spectrum  of  matrix- 
isolated  and  pure,  solid  C1F5. 

Experimental 

Chlorine  pontafluondo  (from  North  Amorican  Rookwell)  was  purified  by  treatment  with 
anhydrous  CVF  followed  by  fractional  condensation  through  traps  kopt  at  —111  and  —120°. 
Tho  material  retained  in  tho  —120°  trap  was  used.  It  was  hondlod  in  a woll  possivatod  304 
stainless  steel  vacuum  lino  equipped  with  Toflon  FKP  U-traps  and  310  stainless  steel  bellow- 
seal  valves  (Hoko  Inc.,  425  IF  4Y).  Tho  apparatus  used  for  the  low-temperature  matrix 
isolnt  ion  studies  lias  been  described  elsewlioro  [2]  and  was  directly  connected  to  tho  metal  vacuum 
system.  Tho  ClFj-inort  gas  mixtures  were  prepared  in  different  mole  ratios  by  standard 
mnnomotric  techniques  using  research  grade  Ar  (99-9995%  min.)  or  prepurified  N'j  (99-997% 
min.)  from  The  Mathoson  Co.  The  infrared  spoctra  of  matrix  isolated  and  pure  C1F5  wore 
recorded  ut  4°K  on  a I’erkin -Klmcr  Model  457  spectrophotometer  in  the  range  4000-260  cm'1 
using  Osl  windows.  In  addition  tho  spoctrum  of  solid  ClFg  was  taken  on  a Perkin-Elmor 
Model  337  spectrometer  using  a conventional  Pyrex-gloss  low-tor  nperature  infrared  coll  equipped 
with  an  internal  AgCl  window  cooler!  with  liquid  nitrogon.  Tho  infrared  instruments  were 
calibrated  by  comparison  with  standard  calibration  points  [3). 

Results  and  Discussion 

Figure  1 di-piots  the  infrared  spectra  of  matrix  isolated  C1F6.  Traces  A and  B show  2-30  and 
22  /irnole  of  CiFt  in  argon  matrix  at  a molo  ratio  of  1 :400.  Trnco  0 shows  0-7  /undo  of  ClFg 
in  argon  at  a MR  of  1 : 10000.  Trnco  D was  recorded  after  subjecting  the  sample  of  C to  a con- 
troller! warm  up  to  37°K  follower!  by  recoding  to  4°K.  Trnco  E shows  0-7  /nnolo  of  C1F,  in 

fll  f!.  M.  Begun,  W.  II.  Fi .lrrciiEU  nnti  1).  F.  Smith,  J.  Clinm.  Vhy.i.  42,  2230  (1906). 

[2|  K.  ().  Ciiiiistk  anti  D.  I’lLirovim, Am.  Chum.  Soc.  in  press. 

[3]  E.  K.  Pi.vt.Eii,  A.  Danti,  L.  R.  Blaine  and  E.  D.  Tidwell,  Jr.,  J.  He*.  Natl  Bur. Stand.  64, 

841  (19G0). 
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Resoaroh  note* 


Fip.  1.  Infrared  spectra  of  matrix  isolatod  CIF,.  Traces  A nnd  B (MK  400), 

C (MH  10000)  in  Argon,  K (MU  10000)  in  Na;  traces  1)  and  F show  samples  of 
traces  C and  JO,  respectively,  after  controlled  diffusion. 

N,  at  a MR  of  1:10000  and  F depicts  tho  some  sample  after  being  subjected  to  controlled 
diffusion  at  33°K.  Figure  2 shows  tho  individual  bands  at  10-fold  scale  expansion  under  higher 
resolution  conditions  to  demonstrate  tho  band  splittings.  Tho  observed  frequencies  togothor 
with  tho  obsorvod  and  computed  isotopo  splittings  oro  listed  in  Tablo  1.  Figures  3 and  4 dopiot 
tho  infrared  spoctra  of  puro  CIF,  at  dilfuront  concentrations  recorded  at  4 and  77°K,  respectively. 

As  can  be  aoon  from  Figs.  1 and  2,  tho  structure  of  tho  bands  at  about  720  cm-1  depends 
strongly  upon  tho  nature  of  the  matrix  material,  the  dilution  ratio,  and  tomporaturo  cycling. 
The  simplest  spectrum  was  obtainod  for  CIF,  in  N,  at  a MR  of  1 : 10000  (traco  K)  and,  honce,  is 
assumed  to  bo  characteristic  for  monomeric  CIF,.  Tho  bands  at  about  480  enr1  show  no  detoct- 
ablo  dependence  upon  these  effects  and,  thoroforo,  will  bo  discussed  first.  Hosed  on  tho  assign- 
ments previously  suggested  by  Bkoijn  et  ul.  [1J  a triple  coincidence  is  expected  at  480  cm-1. 
Howover,  is  only  uctivo  in  the  Raman  spectrum  and,  hence,  tho  480  cm-1  band  should 

split  in  tho  infrared  spectrum  into  two  components,  vl(A1)  anti  »„(#).  Furthermore,  both  bands 
are  expected  to  be  split  into  two  components  each  owing  to  tho  Cl**  and  Cl*7  isotopes.  The 
C1**-C1J7  ratio  should  bo  3: 1.  Assuming  tho  normal  modes  to  bo  100%  characteristic  (which  is  a 
somewhat  crude  approximation),  tho  isotopo  splittings  should  bo  0 9 and  3-7  cir1  for  v,(Aj) 


730  730  710 


350  330500  480  310  290  cm-' 


Fig.  2.  Infrared  spectra  from  Fig.  1 recorded  at  10-fold  Bcalo  expansion 
under  high  resolution  conditions. 


Fig.  3.  Infrarod  spectrum  of  pure,  solid  CiF,  at  4°K  at  three  different 

concentrations. 

and  vt(K),  respectively.  Indeed,  two  band  pairs  wore  observed  (boo  Fig.  2)  exhibiting  a 3:1 
intensity  ratio  and  an  iaotopo  splitting  of  1 0 and  3-3  cm-1,  respectively.  Consequently,  tho  493 
and  482  cm-1  bands  are  assigned  to  tho  Cl**  isotope  components  of  arid  (k),  respectively. 
Tho  obsorvod  combination  bunds  (see  Tablo  1}  suggost  for  v4(S|)  a froquoncy  of  about  486  cm-1, 
a valuo  close  to  tlurt  observed  in  tho  Raman  spectrum  of  liquid  CIF,  [1]  thus  confirming  tire 
triplo  coincidence. 
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Fig.  4.  Infrared  spoctrum  of  pure,  solid  C1F4  at  77°K  at  two  different 

concentrations. 

Table  1.  Infrared  spectrum  of  matrix  isolated  Cl  Ft 


Obs.  fr.'uuoncy 

1444  vv- 
1265  w 
1210  w 
084  vw 
975  w 

(M0  vw 

700  rnw 
7S0  w. ah 
782  vw,  ah 
720  va 
71.7  h 
722  w, ah 
670  w 
407  inw 
487  ah,  w 
4 M2  m 
470  mw 
200  raw 
200  ah.  w 


Assignment 

»,+  i'r(ib);  given  v,  = 718 

v,+  V,<JS)  - 1205 

y,  + »,(£);  gives  »4  «■  484 

2v1{Al)  ~ 080 

V,  + V,(A'l  - 875 

v,  + v,<£)  - 838 

*'«+».»•  792 

Ms  + V,(A);  gives  r4  — 487 

».  + v,(/l,+  «,+  «,)=  781 

»,(A)  Cl«v 

»,(*’)  «*’/ 
v,(A,)Cl»T 
>ai/*i) 

v,(a,)<ji"/ 

v,(A)  ci»x 
V,(S)  Cl"/ 
v,(K)  Ci»l 
v,(S)  Cl"/ 


Ci"-Cl"  Isotope  splitting 
Olis.  Oslo. 


For  the  720  cm-1  infrarod  region  two  Irani!  pairs,  v;(A')  and  nro  oxpoctod  with  un 

isotope  splitting  of  12-8  aitd  7-2  cm-1,  respectively.  Of  these  two  fundamontals,  v,(lC)  is  of 
considerably  higher  relative  intensity  in  the  infrared,  whorona  r1(./t1)  appears  as  a strong, 
polarizod  Haitian  band  [1],  As  can  bo  soon  from  Fig.  2,  truco  A’,  two  bands  wero  obsorvod  in  the 
720  our1  region  exhibiting  a 3: 1 intensity  ratio  and  a frequency  difference  of  12-8  cm-1.  Con- 
sequently, both  Itands  should  l>o  assigned  to  tho  two  isotopic  bauds  of  v,  (E).  Tho  higher 
froqnoncy  Itoiid  shows  a woak  shoulder  at  722  otn-1  which  might  represent  rJ(A1)  C1M.  This 
frequency  value  is  close  to  tlio  value  of  718  our’  estimated  for  v,(^l ,)  from  tho  combination 
Ixuitl,  »,  |-  r7.  However,  no  conclusive  assignment  of  tho  722  cm-1  shoulder  to  sl(-41)  can  bo 
■ mule  since  the  corrospoiuling  Cl57  isotopo  band  would  be  masked  by  tho  much  more  intense 
i'j (A*)  Cl*7  ham*.  Since  (ho  frequency  of  Sjfvlj)  is  woll  established  by  tho  Raman  spectrum  [1] 
no  fur  11  tor  effort  was  nuulo  to  unequivocally  locate  t>, (.■!,)  in  tho  infrared  spootmni.  However, 
tho  aluqs'  of  tno  v7(A’)  bunds  shows  an  intorosting  dopentlouco  upon  various  ofTocts.  Thus,  in 
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*rgou  matrix  at  an  MB  of  1:10000  (trace  C)  both  bunds  arc  split  by  about  2-3  cm-*  into  two 
components. 

In  addition  to  this  matrix  aito  splitting,  a concentration  depcndenco  was  found.  At  u MU 
of  1:400  in  argon  matrix  (trocos  A and  11)  additional  bands  appeared  between  740  and  700 
cm-1  which  are  most  likoly  duo  to  associated  CIF,  tnoloculos.  This  effect  was  also  demonstrated 
by  carrying  out  two  controlled  diffusion  oxperimonts  on  CIF,  isolated  at  high  dilution  ratios 
(1:10000)  in  argon  and  in  nitrogen  matrices.  In  both  eases  now  bands  uppuarod  after  tom- 
[H'mturo  oycling  (traces  1)  and  F)  with  frequencies  similar  to  tlioso  obsorvod  at  low  dilution 
ratios.  The  effect  of  association  was  furthor  demonstrated  by  recording  tiio  spectrum  of  pure, 
solid  CIF,  (Fig.  3).  Again,  v,(A)  showed  considerable  band  broadening  and  froquonoy  shifts, 
whereas  the  remaining  bands  exhibited  almost  no  change.  Even  for  solid,  puro  OIF,  some 
variation  of  the  band  shape  lias  boon  observed.  The  spectrum  of  a sample  condensed  on  an 
AgOl  u iudow  coolod  with  liqidd  N,  siiowod  two  prominent  bands  at  about  725  and  742  cm-1 
(see  Fig.  4).  It  was  demonstrated  that  this  clmngo  is  not  duo  to  a simple  toinperuturo  effect  by 
allowing  tho  sample  dopictod  in  Fig.  3 to  slowly  warm  up  from  4 to  77°K  while  continuously 
recording  its  spectrum.  No  changes  in  tho  spectrum  could  be  dotoctod.  llonco,  tho  difference 
in  Ixmd  shapes  might  l>o  duo  to  different  deposition  techniques  resulting  in  various  degrees  of 
association  or  crystal  ordering  effects. 

In  addition  to  v7(A'),  »j(Aj),  and  v, (E),  tho  following  fimdamontuls  were  obsorvod  in  good 
agroemont  with  tho  previously  publishod  spectrum  [1]:  i’a(A,)  at  639  and  v,(A’)  at  299  cm-1. 
Tho  si>octruin  of  CIF,  in  argon  matrix  at  MR  1 :400  (trace  U)  shows  two  woak  bands  at  383  and 
330  cm-1.  Tlieso  aro  closo  to  tho  valuos  of  375  and  340  cm-1  previously  assigned  [1]  to 
and  v5(  /![),  respectively.  Tlioso  sliouhl  bo  only  Raman  active  but  may  havo  become  infrared 
active  owing  to  tho  above  mentioned  association  offocts. 

In  siunninry,  the  assigumonts  and  in  particular  the  unusual  triple  coincidence  of  two  doforma- 
tion  and  one  stretching  inode  at  480  cm-1,  previously  suggostod  by  Heui.n  et  al.  [1J  for  CIF,, 
liavo  boon  confirmed  experimentally.  For  s,(A)  interesting  association  and  matrix  offocts  wero 
observed. 
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Bromine  Perchlorate 


By  C.  J.  Schack,*  K.  O.  Cvmstb,  D.  Fuatovich, 

AM)  K.  D.  WILSON 

Rtami  May  18, 1970 

Recently  we  reported  the  synthesis  of  a novel  chlo- 
rine oxide,  chlorine  perchlorate.1  Thia  preparation  was 

(1)  C.  J.  Schack.  aad  D.  Flttpovkh,  /aer«.  Chtm..  t,  18*7  (1*70). 


accomplished  by  the  reaction 

MCIOt  + CiSCHF  — ► 

MSCHF  + ClOaOi  (M  - NOi.  C«)  CD 

It  has  now  been  found  that  the  related  bromine  com- 
pound bromine  perchlorate  can  be  prepared  by  this 
method  using  bromine(I)  fluoroaulfate. 

-30* 

MCIOt  + BrSOtF  — ► MSOaF  + BiOCIOt  (3) 

In  addition,  a second  method  involving  the  oxidation  of 
elemental  bromine  with  chlorine  perchlorate  was  dis- 
covered 

Br.  + 201OC1O*  — Clt  + 2BrOClQ,  (8) 


29 


Notes 
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Table  I 

Infrared  Spectra  or  BrOClOj  and  Related  Cokpounos 

-Fr*q,  cm and  r«l  iatew  ■ 


HOC1CV 

FOCIO** 

CIOCIO,* 

. BrOCIO 

A*aignnMBt  hi 

Approx  description 

Qu 

Qu 

Gu 

Cm 

Uitrix 

point  group  C, 

ot  aud* 

1326  s J 
1263  vs) 

2300  w 

( 

1279  vs 

* + ».  (A")  - 2299 
v.  (A') 

1298  vs 

1282  vs 

1276  vs  < 

1262  vs 
.1263  m 

**.  (A") 

>w-(C10.) 

1060  s 

1049  s 

1041  s 

1039  s 

1037  s 

a,  (A') 

*■.,»(  CIO,) 

3660s 

886m 

762  w 

683*  m 

686  m 

»,  (A') 

KO-X) 

725  s 

666t 

662  s 

648  s 

j 661  vt  ( 

»*(A') 

K-Cl-O) 

679  s 

661  ms 

570  ms 

j 572  inw 
? 666  m 

r,  (A') 

-,.(A") 

ii-CClO.) 

®M)m(ClO|) 

619  w 

511  w 

609m 

516  m 

n(A') 

4«a*»ll«(C10,) 

430  w 

387  w 

an  (A") 

ItwuifClO,) 

* Reference  3. 

* Only  four  bands  reported.1 

* Reference  1.  * A comparable  band  has  been  observed  at  690  cm- 

1 in  the  spectrum  of 

BrONO*:  C.  J.  Sc  hack,  unpublished  results. 


This  reaction  proceeded  quantitatively  and  yielded  a 
purer  product  than  the  fluorosulfate  reactions. 

Bromine  perchlorate  is  a red  liquid  which  freezes 
below  —78°.  It  is  unstable  at  ambient  temperature 
and  decomposes  slowly  at  approximately  —20°.  A 
reproducible,  measurable  vapor  pressure  of  5 mm  was 
obtained  at  —23°.  The  instability  of  the  compound 
precluded  reliable  measurements  at  higher  tempera- 
tures.  The  formulation  as  BrOClOt  is  based  on  the 
quantitative  synthesis  according  to  eq  3,  its  elemental 
analysis,  and  the  infrared  spectrum.  Further  support 
for  this  formulation  was  obtained  from  the  quantitative 
reaction  with  HBr  to  form  Br,  and  HC10<  and  the  quali- 
tative reaction  with  AgCl  to  form  Br,,  Cl,,  and  AgCIO*. 

Figure  1 shows  the  replotted  infrared  spectrum  of 


Figure  1. — Infrared  spectra  of  BrOCIO,:  trace  A,  2.6  pmol  of 
sample  in  Ar  matrix  (mixture  ratio  400)  at  4®K;  trace  B,  gas 
at  20  mm  pressure  in  a cell  of  6 -cm  path  length. 

gaseous  and  matrix-isolated  BrOClOi.  Good-quality 
spectra  were  difficult  to  obtain  owing  to  the  thermal 
instability  of  the  compound.  The  vibrational  spectrum 
of  BrOCIO,  is  very  comparable  to  that  of  other  covalent 
perchlorates— CIOCIO,,1  FOCIO,,*  and  HOCIO,.* 
From  the  vibrational  spectrum  a structure  of  sym- 
metry C,  (*.«.,  the  only  symmetry  dement  is  a sym- 
metry plane  in  the  plane  of  the  paper)  can  be  derived 
for  BrOCIO, 


(2)  H.  U.  Afsfcigka,  A.  P Ony,  ud  O.  D.  VMurs,  Cm.  J.  CM*..  «S,  187 
<1M3). 

(A)  t A.  Olgurrs  ant  K.  Ssvok,  iM„  4S,  408  (1082). 


This  structure  is  analogous  to  those  of  the  related  mole- 
cules CIOCIO,,  FOCIO,,  and  HOCIO,.  Table  I lists 
the  observed  frequencies  together  with  their  assignment 
for  symmetry  C,  and  the  values  for  comparable  bands  in 
similar  compounds.  The  decreasing  thermal  stability 
of  the  halogen  perchlorates  in  the  order  FOCIO,  > 
CIOCIO,  > BrOCIO,  might  be  related  by  the  increasing 
polarizability  of  the  terminal  halogen  atoms. 

Experimental  Section 

Materials  and  Apparatus.— All  materials  were  handled  in  a 
well-passivated  (with  C1F,  followed  by  covalent  perchlorates) 
304  stainlesss  steel  vacuum  line  equipped  with  Teflon  FGP  U 
traps  and  316  stainless  steel  bellow-seal  valves  (Hoke  Inc., 
4261F4Y).  Outside  of  the  vacuum  line  materials  were  manipu- 
lated in  the  dry  nitrogen  atmosphere  of  a glove  box.  The  appara- 
tus used  for  the  low-tcinperttture  matrix-isolat  on  study  has  been 
described  elsewhere*  and  was  directly  connected  to  a metal- 
Tefton  FEP  vacuum  system.  The  BrOC10,-Ar  mixtures  were 
prepared  in  a mole  ratio  of  1 : 400  by  standard  manometric  tech- 
niques using  research  grade  Ar  (00.0996%  minimum  purity  from 
The  Matheson  Co.).  Owing  to  the  thermal  instability  of  BrO- 
CIO,, preparation  of  the  gas  mixture  aud  its  deposition  on  the 
cold  (4°K)  Csl  window  was  done  in  less  than  2 min.  The  infra- 
red spectra  of  gases  were  taken  in  stainless  steel  cells  of  5-cm 
path  length  equipped  with  AgCl  windows.  All  spectra  were  re- 
corded on  a Perkin-Elmer  Model  467  spectrophotometer  in  the 
range  4000-260  era-1.  The  instrument  was  calibrated  by  com- 
parison with  standard  calibration  points.* 

Preparation  of  BrOCIO,.  Method  A. — Prepassivated  30-ml 
stainless  steel  cylinders  were  loaded  with  weighed  amounts  of 
either  NO,C!Ot  or  CsCIO,  in  the  drybox.  A less  than  equinaoiar 
amount  of  B;-SO,F  was  then  condensed  into  the  cylk.'der  from  the 
vacuum  line  nnd  the  reaction  was  allowed  to  proceed  s'  —20*  for 
6 days  or  longer.  On  cooling  the  cylinder  to  —106*,  varying 
small  amounts  of  noncondcnsable  gases  were  observer*  The 
volatile  products  were  separated  by  fractional  condensation  in  U 
traps  cooled  to  —46,  —64,  and  —196*.  Unreacted  BrSO»F,  if 
present,  was  retained  at  —46*  while  the  trap  cooled  to  —106° 
contained  only  small  amounts  of  the  by-products  FCIO,  and 
FCIO,.  Bromine  perchlorate  was  trapped  at  —64*. 

Method  B. — A prepassivated  30-ml  stainless  steel  cylinder  was 
loaded  at  —196*  with  Bn  (1.36  mmol)  that  had  been  dried  over 
PiO,  followed  by  CIOCIO,  (2.76  mmol).  The  cylinder  was  left 
at  —46*  for  6 days.  After  recooling  first  to  —78*  aud  later  at 
—64*  the  material  volatile  at  those  temperature*  was  pumped  out 
and  trapped  at  —78,  —112,  and  —196*.  This  consisted  of  Cl, 
(1.38  mmol),  CIOCIO,  (0.04  mmol),  and  BrCIO,  (0.1  mmol)  as 
indicated  by  their  vapor  pressure  and/or  infrared  spectra.  Based 
on  one  Cl,  molecule  from  each  Br,  reacted,  the  Cl,  yield  was 
quantitative  within  experimental  error.  The  product  BrOCIO, 
(0.469  g,  2.61  mmol)  was  decomposed  by  heating  at  50*  for  3 
days.  The  evolved  Ot  was  identified  by  its  vapor  pressure  at 
- 196*  and  by  mass  spectroscopy.  The  halogen*  were  separated 


(4)  K.  O.  C.irtsU  ud  D.  PUi  povkS,  /.  A mm.  Oum.  S*c„  N,  *1  (U7I). 
(8)  H.  K.  Ptykr.  A.  Duti.  L.  R.  Blalas.  sad  K.  D.  Tldwsll,  S.  JU>.  Ntl. 
Our.  SUmA..  M,  Ml  (1M0). 
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by  fraction*!  condensation  after  the  small  amount  of  BrCl  present 
teas  thermally  decomposed  at  reduced  pressure.  Recovered  Br« 
(1.30  mmol),  Cl«  (1.32  mmol),  and  Oi  (6.14  mmol)  gave  an  ob- 
served mole  ratio  of  1.00:1.02:3.06  (theory  1:1:4).  Anal. 
Calcd  lot  BrCIO,:  Br,  44.66;  Cl,  10.76;  O,  36.68.  Pound: 
Br,  44.3;  0,20.0;  0,36.1. 

Bromine  Perchlorate  Reactions. — The  reaction  of  BrOClOi 
and  AgCl  was  examined  only  qualitatively.  Thus,  samples  of 
BrOClOi  were  allowed  to  stand  in  infrared  cells  with  AgCl 
windows  for  several  hours.  Bands  due  to  BrOClOi  gradually 
disappeared  and  those  of  the  CIO,-  ion*  grew  and  were  accom- 
panied by  the  bands  of  ClOj  which  was  formed  in  minor  amounts. 
In  addition,  Bn,  Gls,  and  stoall  quantities  of  gases  not  condens- 
able at  — 136*  were  generated. 

A sample  of  BrOClOi  (2.2  mmol)  contained  in  a 30- ml  cylinder 
was  allowed  to  react  with  HBr  (3.21  mmol)  for  1 br  at  —78*. 
Vacuum  fractionation  of  the  volatile  products  at  —30,  —78,  and 
— 196*  gave  unreacted  HBr  (1.02  mmol),  identified  by  its  infra- 
red spectrum,  and  Bn  (2.18  mmol),  identified  by  its  vapor  pres- 
sure. The  least  volatile  fraction  was  a nearly  colorless  liquid  of 
low  volatility,  identified  as  HCIO,  by  its  infrared  spectrum* 
and  vapor  pressure.7  No  unreacted  BrOClOt  was  observed. 
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Vibrational  spectrum  ol  bromine  triflnoride 

(Rsestvtd  SI  July  1970) 

Abstract — Tha  infrared  qacteua  of  matrix  isolated  BrF,  baa  beta  recorded.  All  aix  funda- 
mental vibrations  expected  for  a T -shaped  molconla  of  symmetry  Otm  wrcc  obeervad.  A modi  Sad 
valenoe  fbroa  field  and  some  thermodynamic  properties  have  beao  computed  for  BrFt. 

Racaonxr,  Sxuo  and  ootoorkan  [1]  have  reported  the  ootnplete  vibrational  apaotrum  of  gaaaoua 
BrF,.  It  ia  difficult  to  obtain  the  vibrational  apeotrum  of  monomeric  BrF,  owing  to  ita  low  vapor 
pressure  at  ambient  temperature,  ha  tendency  to  disproportionate  at  elevated  temperature,  ite 
eaaooietion  hi  the  liquid  phase,  and  its  oorroeiveoeaa.  In  this  note,  we  wiah  to  report  the  results 
of  an  independent  study  of  the  vibrational  spectrum  of  solid  BrFa.  In  our  study  thsee  difficulties 
were  otmumvanied  by  the  use  of  low-temperature,  matrix-isolation  techniques. 

A Tf 

The  spperatus  used  for  the  low-temperature,  matrix -isolation  studies  wee  similar  to  that 
previously  described  [f ].  Bromine  trifluoride  (from  The  Matheeon  Company)  was  purified  by 
fractions!  Condensation,  the  material  retained  at  —98°  being  used.  It  wee  handled  in  a passi- 
vated (with  C8F,  and  BrF,)  train  lass  steal/Taflon  FEF  vacuum  system  oonneotad  directly  to  the 
temple  inlet  ayetam.  The  BrFg-Ar  mixtures  ware  prepered  by  staudard  manometrio  techniques 
using  raaaaroh  grade  Ar  (99.9990%  min,  from  The  Metheeon  Oompeny).  The  infrared  spectra 
wen  reoordad  at  4*K  on  a Psrkin-Ehaer  Modal  407  spectrophotometer  in  the  range  4000-900 
cm'1 * * 4.  The  instrument  was  calibrated  by  comparison  with  standard  calibration  points  [3].  The 
Raman  spectrum  of  liquid  BrF,  was  reoordad  using  a Coherent  Radiation  Laboratories  Model 
09  Ar  ionlaaar  aseeouroeof  1.1  W of  exciting  light  st  S146  A.  The  scattered  light  was  analysed 
with  a Spex  Model  1400  double  'monochromator,  a photomultiplier  cooled  to  approximately 
"90°  end  a <Lo-  ammeter.  Polarisation  measurements  were  oerriod  out  using  e Model  910 
polarisation  rotator  from  Spootra-Physios.  A stainless  steel  oell  having  Teflon  O -rings  and  sap- 
phire windows  waa  used  as  sample  container.  The  design  of  this  oell  was  similar  to  that  of 
GUarrxx  and  flr.assamt  (4). 


Rbsulh  aim  Dxecuauoir 

Figure  1 depicts  the  infrared  spectrum  of  BrF,  in  argon  matrix  at  4°K.  Sinoe  BrF,  even  in 
the  gas  phase  shows  a tendency  to  eaeociite  [0],  tha  spectrum  was  rsootded  at  tbs  following 
ergon  to  BrF,  mole  ratios  (MR):  100, 300, 400, 800,  and  1600.  The  relative  intensity  of  some  of 
the  bands  decreased  with  iamaaaing  MR.  Therefore,  the  apeotca  of  only  the  two  samples  with  the 
lowest  end  highest.  MR  value  are  shown  in  Fig.  1. 


(1]  K.  Sxuo,  H.  N.  Ct.sssawrr  and  J.  B.  Holloway,  J.  Okm a.  Phyt.  08,  8017  (1970). 

[9]  K.  O.  Cxmmxa  and  D.  Pmrovic*,  J.  Am.  Cham.  Soe.,  98,  01  (1971). 

[8]  S.  K.  Plyuek,  A.  Damn,  L,  R.  Blaus  and  £.  D.  Tin  wall,  J.  Res.  Natl  Bur.  Stand.  64, 841 
(1960). 

[4]  B.  L.  Osjorxx  and  H.  H.  Cla s straw,  /nor, 7.  Ohm*.  6, 1987  (1967). 

C<]  For  a review  of  the  literature  on  BrF,  until  I960,  see  L.  Sranr,  Ealoytn  Ok  tmitky  (Edited  by 
V.  OHnatamr),  VoL  1,  Chapter  A Aoademi?  Press  (1967). 
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In  all  spectra  the  two  characteristic  absorptions  of  SiF4,  Le.  »,  and  *>4  at  about  1030  and 
390  cm-1,  respectively  [0],  were  observed.  The  formation  of  SiF4  was  due  to  interaction  of  BrFt 
with  sections  of  the  metal  vacuum  line,  and  extensive  passivation  of  the  line  with  C1F,  and  BrF4 
was  required  to  keep  the  SiF4  oonoentration  at  an  acceptably  low  level.  At  high  SiF4  levels,  an 
) additional  band  at  660  ran"1  appeared  in  some  of  the  spectra.  Baaed  on  its  relative  intensity  in 

different  spectra,  this  band  docs  not  appear  to  be  related  to  any  other  band.  Henoe,  it  is  assigned 
to  the  diatomic  molecule  BrF  for  which  a frequency  of  about  670  cm-1  was  reported  baaed  on 
band  spectra  [7]  and  lew  resolution  infrared  spectra  of  Br,-BrFj  mixtures  [8].  Thus,  it  appears 
that  small  amounts  of  silicon,  present  in  the  steel,  can  reduce  BrF,  to  BrF  with  SiF4  being  the 
by-product. 

The  Raman  spectrum  of  liquid  BrFt  (which  always  shows  a yellow  oolor)  hat  been  redeter- 
mined with  the  greon  6146  A argon  line.  This  avoids  the  problems  associated  with  the  use  of  the 
blue  mercury  lines.  It  agrees  well  with  that  previously  reported  [9]  and  henoe  is  not  depicted. 

This  indicates  that  the  broad,  unresolved  absorption  between  400  and  600  cm-1  is  likely  to  be  due  > 

to  association  in  the  liquid  phase. 

The  frequencies  observed  for  matrix  isolated  BrF,  are  listed  in  Table  1 together  with  those 
recently  reported  [1]  for  the  gas.  The  agreement  between  the  two  sets  of  data  is  excellent.  The 
six  fundamentals  expooted  for  a T -shaped  BrF,  molecule  of  symmetry  cu  [10]  were  assigned  as 
previously  suggested  [1,  9],  The  ooincidenoe  of  VjfAj)  and  r((£t)  at  242  cm'1  in  the  gas  phase  is 
confirmed  by  the  observation  of  two  Stands  in  the  spectrum  of  the  matrix  isolated  solid.  In 
addition  to  v4  of  SiF4  at  386  cm'1,  there  are  two  bands  of  variable  relative  intensity  at  678  and 
502  am-1,  Since  their  relative  intensity  decreases  with  increasing  MR,  they  oannot  be  due  to 
BrF,  itself  and  are  tentatively  assigned  to  di-  or  polymeric  species.  This  teadenoy  of  BrF,  to 
associate  is  also  demonstrated  by  tho  Ramon  spectrum  of  the  liquid.  It  shows  a strong,  polarised 
band  at  673  cm-1  which  is  in  good  agreement  with  the  values  observed  for  ^(Aj)  in  the  gas  and 
the  matrix-isolated  solid.  Furthermore,  it  exhibits  three  woalc  bands  at  337,  268,  and  233  cm'1, 
respectively,  having  frequencies  similar  to  those  assigned  to  the  three  deformations!  modes. 

The  fact  that  the  symmetric  F-Br-F  stretching  mode,  *,(A4),  is  the  moat  intense  band  in 
Roman  spectrum  of  BrF,  gas  [1]  but  does  not  appear  aa  a strong,  distinct  band  Lt  the 
Raman  spectrum  of  the  liquid,  indicates  strong  association  in  the  liquid  phase  through  formation 
of  fluorine  bridges  involving  the  two  axial  and  not  the  equatorial  fluorine  atom  (the  terms  axial 
and  equatorial  refer  to  a trigonal  bipyramidal  structure  assuming  the  two  localized  free  electron 
pairs  of  the  bromine  atom  to  oooupy  two  equatorial  positions). 

In  the  infrared  spectrum  of  matrix-isolated  BrF,,  a number  of  weak  bands  were  observed 
above  760  cm-1  (see  Table  1)  which  obviously  oannot  be  attributed  to  fundamental  vibrations. 

Most  of  them  can  be  assigned  to  overtones  and  combination  bands  of  BrF,,  thru  lending  addi- 
tional support  to  the  given  assignment. 

The  infrared  spectrum  of  non-matrix-isolated,  solid  BrF,  hae  previously  been  reported  [11, 

| 12].  Two  different  spectra  were  obtained  depending  on  whether  the  solid  had  a glassy  or  crystal - 

j line  eppeeranoe  [12],  Both  types  of  spectra  showed  two  prominent  absorptions  at  ubout  670  and 

i 800  cm"1  but  showed  additional  strong  absorptions  in  the  range  400-600  cm-1,  indicating  assoc- 

iation similar  to  that  in  the  liquid  phase.  In  addition,  the  infrared  spectrum  of  crystalline  BrF, 
showed  a decrease  in  the  relative  intensity  of  tho  600  cm-1  band  coupled  with  the  appearance  of  a 
new,  intense,  sharp  band  at  668  cm”1.  Judging  from  the  overall  appearance  of  the  two  types  of 
spectra,  that  of  the  glassy  solid  was  simpler  and  more  olosely  resembled  that  of  matrix-isolated 
BrF,.  In  no  oaee  did  the  spectrum  of  solid  BrF,  [12]  show  the  bands  oharr  otsristic  for  BrF,+  [12] 
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[6]  J.  Wrrrrrm:  md  V.  KxiOJK,  Sptciracbim.  Aota  20,  296  ,.964). 

[7]  P.  H.  Bxodeuok  and  J.  E.  Siosx,  2.  Phyi.  141,  615  (1856). 

[8]  L.  Stun,  J.  Aw.  Chan.  Sac.  81,  1273  (1959). 

[9]  H.  H.  Cutassxx,  B.  WxrNSTOw,  and  J.  O.  Mam,  J.  Ohtm.  Phyt.  83, 386  (1968). 

[10]  D.  W.  Maonujiox,  ibid.  27,  223  (1967). 

[11]  D.  H.  Bxown,  K.  R.  Dixon  and  D.  W.  A.  Sxaxr,  CAsm.  Cowman.  864  (1968). 

[12]  K.  O.  CHiturr*  and  C.  J.  Soxacx,  Inorg.  CAsm.  9,  2801  (1970). 
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Fig.  1.  Infrared  spectrum  of  BrF,  in  argon  matrix  at  4°K,  trace  A (HR  — 100), 
trace  B (MR  — 1600).  Banda  marked  by  an  asterisk  and  b are  due  to  SiF-  and  cell 
window  background,  respectively. 


Table  1.  Vibrational  spectrum  of  BrF. 
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934  Reeeareh  note* 

end  BrF,-  [13]  indicating  that  eolid  BrF,  doos  not  exist  in  the  ionio  form,  BrF,+BrF,-,  but 
prefers  ossociat'on  through  covalent  fluorine  bridges.  This  finding  is  in  good  agreement  with  the 
results  from  a crystallographic  study  on  solid  BrF,  [14]. 

Vibrational  foroe  oonetant* 

Vibrational  force  constants  were  computed  for  BrF,  assuming  the  simplest  possible  modified 
valence  force  field.  The  kinetio  and  potential  energy  metrics  were  oomputed  by  a standard 
machine  method  [16]  using  the  geometry  determined  by  microwave  spectroscopy  [10].  The  foroe 
constants  given  in  Table  2 were  found  by  trial  and  error  with  a time  sharing  computer.  The 
oomputed  frequencies  agreed  exactly  with  the  observed  value*  since  there  were  as  many  foroe 
constant*  as  frequencies.  The  deformation  coordinates  were  weighted  by  unit  distanoe  (1  A). 
The  foroe  oonstant  designations  follow  those  used  for  the  square-pyramidal  intorhologens  [16] 
with  fx  for  both  BrF2  and  BrF,  referring  to  the  unique  fluorine  and//  to  the  deformation  of  tie 
angle  between  that  fluorine  and  the  equivalent  fluorines. 

For  comparison,  we  also  report  the  force  constants  computed  for  BrF,,  C1F,  [1 7]  and  C1F,  [18] 
assuming  a similar  force  field.  Table  2 shows  similar  trends  between  BrF,  and  BrF,  and  C1F, 
and  C1F,,  although  it  should  be  noted  that  the  foroe  constants  of  C1F,  are  not  very  certain,  since 
a relatively  large  interaction  force  constant  is  required  to  fit  the  frequencies.  It  is  not  certain 
whether  this  should  be  OT  J Hr-  Th°  value  for  /,  reported  for  BrF,  was  computed  to  permit 

comparison  with  the  similar  motion  in  BrF,,  the  E block  a deformation.  Definition  of /.  requires 
placing  fictitious  atoms  to  give  BrF,  the  same  geometry  as  BrF,.  These  fictitious  atoms  serve  no 
purpose  other  than  to  define/,  and  contribute  nothing  to  the  molecular  motion  or  force  constant 
[18].  The  similarity  of/,  for  the  tri-  and  penta-fluorides  is  noteworthy. 

The;  modynamic  properties 

The  thermodynamio  properties  were  oomputed  for  BrF,  using  the  rigid-rotor  harmonio- 
oscillator  approximation  [20],  The  moments  of  inertia  were  taken  from  the  microwave  data  [10] 
and  the  vibrational  frequencies  from  this  work.  The  results  are  given  in  Table  3. 


II 
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Table  2.  Comparison  of  tho  foroe  constants  of  BrF,,  BrF,.  C1F,,  and  C1F, 


BrF,  BrF,[17]  C1FJ18]  C1F,[17] 


Units  of  the  stretching  constants  ore  mJyn/A  and  of  the  bending 
constants  mdyn/A  rod-*. 

[13]  K.  O.  Cbxxstk  and  C.  J.  Scats,  ox,  Aid.  9,  1862  (1970). 

[14]  R.  D.  Bonoxx  and  F.  N.  Bxvszr,  J*.,  J.  Chem.  Phy*.  87,  982  (1967). 

[16]  E.  C.  Conns,  Rocketdyne  Bep.  RR67C8  October  (1966). 

[16]  O.  U.  Bkouv,  W.  H.  Flttcmx*,  and  D.  F.  Surra,  J.  Cham.  Phye.  48,  $236  (1966). 

[17]  E.  C.  Conns,  Bpeotroehim.  Acta,  in  press. 

[18]  E.  C.  Conns,  unpublished  results. 

[19]  This  eould  be  done  formally  in  a fashion  similar  to  that  reported  earlier  for  NF,  [E.  C. 
Conns  and  J.  S.  Mom* sad,  J.  Phye.  Chem.  70,  3330  (1966)],  but  is  not  needed  here  bum* 
the  wagging  motion  is  in  its  own  symmetry  block. 
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Table  3.  Thermodynamic  properties  of  BrFa  assuming  an  ideal  gas  at  1 atm.  pressure 


b*-b,* 


—it*  — B%*))T 


* i 


1100  19.497  18.474  77.789  94.883 

1>00  19.585  80.417  79.860  96.783 

1300  19.601  81.885  80.631  97.880 

1400  19.638  84.347  81.913  99.304 

1600  19.668  86.318  63.1  IB  100.659 

1600  19.6*3  18.880  84.165  101.930 

1700  19.718  30.150  85.330  103.184 

1800  19.730  38.331  85.350  104.161 

1900  19.744  84.196  87.331  105.318 

8000  19.767  36.171  88.346  106.333 

Units  for  C>*.  8*.  and  — ( T ♦ — //,*)/  T tn  Calories  par  mol*  • degree  and  H*  is  kilocalories  per  mol*. 
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ABSTRACT 

The  infrared  and  Raman  spectra  are  reported  for  N2F+AsF6“  and 
N2F2  • 1.3  SbFs.  Previous  assignments  of  the  two  stretching  modes  for  N2F+  are 
confirmed,  but  the  deformational  mode  occurs  at  390  and  not  at  803  cm-1.  Force 
constants  were  calculated  for  N2F+  and  are  compared  to  those  of  a series  of  iso- 
elcctronic  molecules  and  ions. 


INTRODUCTION 

The  existence  of  solid  adducts  Of  N2F2  and  Lewis  acids,  such  as  AsF5  and 
SbFj,  is  well  known1-4.  In  all  cases  an  infrared  band  at  about  1060  cm-1  was 
observed  which  was  attributed  to  the  N-F  stretching  vibration  of  the  N2F+  cation. 
Recently,  Shamir  and  Binenboym  reported5  the  Raman  spectrum  of  N2F*AsF6~ 
and  assigned  bands  at  2370  and  803  cm-1  to  the  two  remaining  fundamentals  of 
N2F+.  In  this  paper  we  wish  to  report  the  infrared  and  Raman  spectra  of 
N2F+AsF6-  and  N2F2  • 1.3  SbF,  showing  that  the  deformational  mode  of  N2F+ 
occurs  at  390  and  not  at  803  cm" 1 . 


EXPERIMENTAL 

The  sample  of  N2F+AsF4~  was  prepared  as  previously  described1.  Its  1:1 
composition  was  ascertained  by  quantitative  synthesis.  The  sample  of 
N2F2  • xSbFj  was  prepared  in  a passivated  (with  OFs)  80  ml  Kel-F  ampoule 
equipped  with  a stainless  steel  valve.  Distilled  SbFs  (12.35  mmoles)  was  transferred 
into  the  Kel-F  ampoule  in  the  dry  nitrogen  atmosphere  of  a glove  box.  The  am- 
poule ■ connected  to  a stainless  steel-Teflon  FEP  vacuum  system  and  about 
20  ml  of  ulectrolytically  dried4,  liquid  HF  was  added.'  The  SbFs  was  dissolved  in 
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the  HF  at  ambient  temperature,  the  ampoule  cooled  to  - 196°,  and  a mixture  of 
cis-  and  //ms-N2F2  (total  « 25.5  mmoles)  containing  a small  amount  of  N2F4 
as  impurity  was  added.  The  mixture  was  allowed  to  warm  up  to  -80°  for  3-4 
hours  and  then  to  ambient  temperature  for  two  days  under  autogenous  pressure. 
Unreacted  material  (HF  and  trans-Sjfi)  was  removed  in  vacuo  at  0°.  The  material 
balance  and  weight  increase  of  the  solid  residue  indicated  that  SbF}  had  combined 
with  N2F2  in  a mole  ratio  of  1.3:1. 

The  infrared  spectra  of  the  solids  were  recorded  on  a Perkin  Elmer  Model 
457  spectrophotometer  as  dry  powdersibe*ween  AgBr  or  AgCl  plates  or  by  placing 
the  powder  between  two  single  crystal  platelets  of  AgBr  and  pressing  them  in  a 
micro  pellet  press  to  a disk.  The  AgBr  windows  were  eventually  attacked  by  the 
samples  with  the  evolution  of  bromine.  However,  useful  spectra  could  be  obtained 
by  fast  scanning  before  noticeable  attack  on  the  windows  occurred.  The  Raman 
spectra  of  the  solids  were  recorded  with  a Spex  Model  1400  spectrophotometer. 
The  green  (5145  A)  line  of  a Coherent  Radiation  Laboratory  Model  52  argon  ion 
laser  was  used  as  the  exciting  line.  Glass  melting  point  capillaries  or  Pyrex  glass 
tubes  of  7 mm  o.d.  with  a hollow  inside  glass  cone  for  variable  sample  thicknesses 
were  used  as  sample  containers.  The  former  were  employed  in  the  transverse  view- 
ing-transverse excitation  and  the  latter  in  the  axial  viewing-transverse  excitation 
mode. 


RESULTS  AND  DISCUSSION 
( 1 ) Synthesis 

The  synthesis  of  the  N2F2  - xSbFs  adduct  deserves  some  comment.  Three 
different  groups  have  reported  the  preparation  of  an  adduct  of  N2F2  with  SbF5 
but  their  data  disagree.  Ruff  obtained3  a 1:2  adduct,  N2F2  * 2SbFs,  by  reacting 
SbFj  with  excess  of  either  cis-  or  fra«J-N2F2  at  40-50°.  Roesky  et  al.  reported3 
that  only  the  cis  isomer  of  N2F2  is  capable  of  forming  an  adduct  with  SbF}  result- 
ing in  a 1:1  adduct,  N2F2  - SbF}.  Pankratov  and  Savenkova  prepared4  a 1:1 
adduct,  N2F2  • SbFs,  from  mixtures  of  cis-  and  trans- N2F2  and  SbFj  at  —5  to  10° 
using  excess  N2F2  and  pressures  of  up  to  15  atm.  Since,  according  to  Pankratov 
and  Sokolov7,  irons- N2F2  readily  equilibrates  at  ambient  temperature  to  form  a 
9:1  mixture  of  cis-  and  franJ-N2F2,  trans- N2F2  should  also  be  capable  of  forming 
an  SbF3  adduct  by  continuous  removal  of  cir-N2F2  from  the  equilibrium  in  the 
form  of  solid  N2F2  ■ xSbF,. 

In  the  present  study  we  have  not  attempted  to  resolve  these  conflicting 
reports  on  either  the  composition  (1:1  versus  2:1)  of  the  adduct  or  on  the  ability 
of  rronj-N2F2  to  produce  an  SbF_«  adduct.  Our  main  interest  was  to  determine  the 
vibrational  spectrum  of  N2F+.  However,  in  our  study  several  interesting  obcerva- 
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tions  were  made.  The  composition  of  our  adduct,  N2F2  * 1.3SbF$,  would  seem  to 
indicate  that  both  1:1  and  1:2  complexes,  and  mixtures  thereof,  can  be  formed. 
The  unreacted  N2F2  consisted  exclusively  of  the  irons  isomer.  Owing  to  the 
apparent  nonreactivity  of  the  traits  isomer  with  I^ewis  acids  and  the  failure  of  the 
irons  isomer  to  equilibrate  to  the  cis  isomer  under  our  reaction  conditions,  the 
1:1.3  composition  of  our  adduct  may  have  been  due  to  the  limited  amount  of  cis- 
N2F2  present  in  the  mixture.  We  had  chosen  HF  as  a reaction  medium  to  suppress 
the  formation  of  polymeric  anions.  Previously,  this  approach  had  been  success- 
fully applied*19  in  the  synthesis  of  ClF4+SbF6  ~ and  NF20+SbF6“,  and  in  the  case 
of  N2F2  and  SbF5  it  should  also  result  in  a well-defined  1:1  adduct  provided  a large 
enough  excess  of  c&-N2F2  is  present. 


(2)  Vibrational  spectra 

Figs.  1-3  show  the  infrared  and  Raman  spectra  of  N2F+AsF<“  and 
N2F2  • 1.3SbFj . The  observed  frequencies  are  listed  in  Table  1.  The  Raman  spec- 
trum of  N2F+AsF6~  is  in  good  agreement  with  that  previously  reported*  by 
Shamir  and  Binenboym  except  for  the  absence  of  the  803  cm  ~ 1 band  in  our  spec- 


Fig.  1.  Infrared  spectrum  of  solid  NjF4AsF»“  and  NjFa  • 1.3SbF,  in  an  AgBr  pellet. 
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Fit.  3-  Raman  spectrum  of  solid  NjFj  ■ 1.3SbF4.  C indicates  spectral  slit  width. 


TABLE  1 

vumationai  sncrax  of  N1F4A*F»“  and  NjFj  ■ l.3SbF,  comfaud  with  that  of  FCN 


Obttrotd  froqmncy 

Auignm 

rat  (point  group) 

ATjf’j  • UShF, 

N*F*AsFt- 

FCN * 

FXN  (Cm.)  A*Ft  *\> 

IK 

KA 

a 

KA 

IK 

2373  w 

2373  (0.3) 

2371  (0.5) 

2323 

»»(S*) 

1059  us 

1059  (2.3) 

1058  ms 

830  vw 

1057  (3.1) 

1069.4 

781  (0+) 

780  (0+) 

2r3(E*) 

640-720vs.br 

i 689  (2.5) 
(661  (10) 

698  vs.  br 

689  (10) 

•’itAu) 

600  w,  th 

604  (0.6) 
582  (0.5) 
568  (1.0) 

576  (1.8) 

*-aW 

520  ■«,  sh 
478  ms 

388  us 

389  (1.6) 

391  s 

391  (0.7) 

451.3 

*it*) 

u(Flm) 

260-300 s 

285  (2.7) 
231  (0.7) 

376  (3.2) 

•-.(Fa.) 

1271 

100 

Lattice 

991 

vibrations 

•Re&.  10  end  II. 


trum.  Consequently,  we  prefer  to  assign  the  distinct  band  of  medium  intensity  at 
391  cm~‘  to  the  deformations!  mode,  *a(*),of  NaF*.  This  band  at  391  an-1  was 
also  obeerved5  by  Shamir  and  Binenboym  but  they  offered  no  explanation  or 
assignment  for  this  band.  Since  the  391  cm-1  band  in  N3FvAaF*~  occurs  in  the 
range  of  the  AsF*  ~ deformation*!  modes  and  since  breakdown  of  the  selection 
rules  for  Ok  symmetry  has  been  observed  for  several  A*F*  "-containing  salts12*  ,2( 
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the  391  cm-1  band  in  the  AsF(~  salt  cannot  unambiguously  be  assigned  to  v2(x) 
of  NjF+.  However,  if  the  band  at  391  cm'1  is  indeed  due  to  v2(x)  of  NaF+,  it 
should  also  be  observed  in  the  spectra  of  other  N2F+  salts  containing  anions  not 
absorbing  in  this  region.  Since  for  SbF*~  and  Sb2Fn  ~ no  vibrations  occur1,14  in 
the  range  300-450  cm-1,  we  have  prepared  a sample  of  N2F2  • xSbFj  and  recorded 
its  vibrational  spectrum.  As  can  be  seen  from  Figs.  1 and  3,  both  the  infrared  and 
Raman  spectrum  of  N2F2  * 1 .3SbF,  show  a prominent  absorption  at  about  390 
cm-1  but  none  at  803  cm-1.  Consequently,  the  band  at  390  cm-1  may  with  con- 
fidence be  assigned  to  v2(x)  of  N2F+. 

The  spectrum  of  N2F*  was  previously  compared5  to  that  of  the  isoelectronic 
N20  molecule.  However,  based  on  bond  order  and  electronegativity  considerations, 
we  prefer  to  compare  the  spectrum  of  N2F+  with  that  of  the  isoelectronic  FCN. 
As  can  be  seen  from  Table  1,  the  two  stretching  modes  of  N2F+  are  close  to 
those10,11  of  FCN  and,  hence,  one  might  expect  this  analogy  to  hold  also  for  the 
deformational  mode  which  in  FCN  occurs  at  about  430  cm-1.  Based  on  this  com- 
parison a frequency  value  of  390  cm-1  appears  more  plausible  for  v2(x)  of  N2F+ 
than  that  of  803  cm-1  previously  suggested5. 

The  assignments  for  the  remaining  bands  of  N2F+AsF6~  present  no  diffi- 
culties and  are  listed  in  Table  1.  The  observed  frequencies  and  intensities  agree  well 
with  those  predicted  for  a linear,  asymmetric  [N  m N-F] + cation  of  symmetry  CKr 
and  for  an  octahedral  AsF«  ' anion5,9.  For  N2F2  ■ 1.3SbFs  three  additional  bands 
of  low  relative  intensity  were  observed  at  1 300,  1 124,  and  926  cm- 1 which  can  be 
assigned1,14  to  small  amounts  of  N2F2  + present  in  our  sample  as  an  impurity. 
Infrared  spectra,  recorded  after  N2F2  ■ 1.3SbFs  had  attacked  the  AgBr  window 
material,  showed  the  complete  absence  of  the  bands  assigned  to  N2F+,  whereas 
the  bands  due  to  N2F3+  bad  not  decreased  in  intensity.  This  confirms  the  previous 
observation1  that  the  N2F+  salts  are  more  reactive  than  the  corresponding  N2F3+ 
salts.  It  is  interesting  to  note  that  for  N2F2  • 1 .3SbFs  the  Ns  N stretching  mode  of 
N2F+  was  also  observed  in  the  infrared  spectrum.  However,  this  band  is  quite 
weak  and  is  not  easily  observed.  Since  the  combining  ratio  of  our  N2F2  * xSbF, 
adduct  is  intermediate  between  1:1  and  1 :2,  no  attempt  is  made  to  assign  the  Sb~F 
vibrations  to  individual  modes  but  their  frequencies  and  relative  intensities  are 
similar  to  those  previously  reported1,14  for  SbF6~  and  Sb2Fu“.  Whereas  the 
Raman  spectra  of  N2F*  AsFt“  and  N2F2  * 1.3SbFs  did  not  show  any  evidence 
for  a band  at  803  cm-1  (the  frequency  previously  assigned5  to  v2  of  N2F+),  both 
show  a weak  band  at  780  cm-1.  This  band  appears  to  belong  to  the  N2F+  cation, 
but  its  relative  intensity  is  quite  low.  Further,  it  does  not  have  a counterpart  in  the 
infrared  spectrum  and  its  frequency  is  exactly  twice  that  of  the  390  cm*1  band. 
Consequently,  it  is  assigned  to  the  first  overtone  of  v2  of  N2F+. 
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(5)  Force  constants 

For  a linear,  asymmetric  ion  of  symmetry  Cm,,  such  as  N2F+,  a general 
valence  force  field  contains  four  force  constants.  Since  only  three  frequency  values 
are  available,  the  problem  is  underdetermined  and  simplification  must  be  made. 
Shamir  and  Bineoboym*  used  a modified  valence  force  field  for  their  computation 
assuming  the  off-diagonal  constant,  /rJt , to  equal  zero.  However,  this  assumption 
is  not  valid  for  most  of  the  known  force  fields  of  linear  XYZ  molecules  since  the 
influence  of/,,  upon  the  diagonal  force  constants  cannot  usually  be  neglected. 
Therefore,/,  was  assumed  to  have  a fixed  value,  and  the  N-N  and  N-F  stretching 
force  constants  (/  and/, , respectively)  were  computed  as  a function  of /,  (Table 
2).  The  value  of  /,  was  varied  over  the  most  probable  range  ( -0.5  to  2.0  mdyne/A) 
and  computations  were  made  at  0.5  mdyne/A  intervals.  A closer  estimate  of  the 
stretching  force  constants  might  be  obtained  provided  one  could  further  narrow 
the  range  of  possible/,  values. 

TABLE  2 

wnuiTCMjNO  force  constant*  or  NaF*  as  a function  or  th*  assumed  valus  or  th*  interaction 

CONSTANT 

(All  values  in  mdyne/A) 


f. 

ftL 

-0.5 

19.66 

8.82 

0 

20.48 

8.46 

0.5 

21.23 

8.17 

1.0 

21.92 

7.95 

1.5 

22.57 

7.78 

2.0 

23.19 

7.65 

A theoretical  interpretation  of  the  stretch-stretch  interaction  force  constant 
as  a measure  for  resonance  effects  between  the  two  bonds  has  previously  been  given 
by  Coulson,  Duchesne  and  Manneback19  and  is  in  good  agreement  with  the  experi- 
mental observations.  Thus,  linear  XYZ  molecules  might  be  classified  into  three 
different  groups:  (i)  molecules  with  one  single  and  one  multiple  bond,  but  without 
the  possibility  of  resonance,  e.g.  HCN“  and  HCP‘5  for  which/,  is  negative;  (ii) 
molecules  with  one  single  and  one  multiple  bond,  where  some  resonance  is  possible, 
e.g.  Hal-OiN,  for  which/,  was  found37  to  be  0.4±0.1  mdyne/A  (but  it  is  not 
unreasonable  to  extend  the  possible  range  to  0.5 ±0.5  mdyne/A);  and  (iii)  mole- 
cules with  two  multiple  bonds  and  stronger  resonance,  e.g.  N20  and  NCO',‘* 
with  /,  > 1 mdyne/A.  The  symmetric  molecules  and  ions,  C02,  N02+,  N3",u 
might  be  included  here. 
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For  N2F4  the  N-N  stretching  force  constant  has  a value  similar  to,  or 
slightly  lower  than,  that  found  for  N2  (22.39  mdyne/A)1  * throughout  the  range  of 
probable  /,*  values.  On  the  other  hand,  the  N-F  stretching  force  constant  is  the 
highest  one  obtained  so  far  for  any  N-F  bond5,20;  the  lowest  value  possible  for 
N2F+  based  upon  the  observed  frequencies  is  7.45  mdyne/A.  Comparison  of  this 
value  with  those  obtained  for  NF4+  (6.2 2)21  and  NF20+  (6.46  mdyne/A)20  in- 
dicates that  the  marked  increase  cannot  be  due  exclusively  to  a change  i.'  hybridiza- 
tion (i.e.  increasing  s-cha  raster  of  the  N-F  bond),  but  strongly  suggests  partial 
double  bond  character.  Consequently,  N2F+  should  belong  to  group  (ii)  for  which 
/,*  might  be  restricted  to  the  range  0-1  mdyne/A.  Assuming/*  -=  0.5 ±0.5  the 
stretching  force  constants  become  ftw  — 2 1.23 ±0.75  and  /NF  ■=  8.16±0.29 
mdyne/A.  Further  support  for  the  assumption,/*  < 1 mdyne/A,  was  obtained 
by  computing  a set  of  force  constants  for  N2F+  by  the  eigenvector  method22,21. 
This  computation  yielded  a value  of  1.33  mdyne/A  for  /*  of  N2F+.  However,  for 
seventeen  different  linear  XYZ  molecules  the  eigenvector  method  always  resulted24 
in  /*  values  considerably  larger  than  those  of  the  gvff.  Therefore,  one  might 
expect  /*  of  N2F+  to  be  considerably  smaller  than  1.33  mdyne/A. 

The  deformation  constant,/,,  of  N2F+  can  be  uniquely  determined  provided 
the  two  bond  lengths  are  known.  For  N2F+  this  is  not  the  case  but,  assuming 

TABLE  3 

FBEQUENCUS  AND  FOBCS  CONSTANT*  OS  NjF*  COMPARED  TO  THOU  OF  ISOSUCTVON1C  MOLECULE* 
AND  IONS 


Speciet 

Frequency  (cm"1) 

Force  comtantt  ( mdyne/k ) 

*■* 

n 

F* 

f. 

/. 

/m 

/. 

m j 

H-CmP* 

3216.9 

1278.4 

674.7 

8.95 

5.59 

-0.20 

0.15 

(0  j 

H-C»N* 

3438.3 

2131.8 

726.6 

18.77 

6.23 

-0.21 

0J1 

/[N*N-F1* 

2372 

1058 

390 

21.23 

8.17 

0.5 

oao 

NsC-F“ 

2323 

1069.4 

451.3 

17.81 

8.54 

0.39 

0.26 

(li)  < 

Nsc-a* 

2215.6 

744.2 

378.4 

17.50 

5.21 

0.44 

0.18 

NsC-Br* 

2198.3 

586.6 

341.7 

17.51 

4.17 

0.41 

0.15 

2189.5 

485.8 

304.5 

17.87 

3.08 

0.50 

0.11 

N-N^O4-* 

2224 

1285 

589 

17.7 

11.4 

1.2 

0.50 

[N-C^O]-  ** 

2165 

(1302 

(1207 

632 

15.9 

11.0 

1.4 

0.51 

(iii) 

IO-N-OJ*  4 

2360 

1396 

570 

17.17 

1.19 

0.47 

O-C-O4 

2349 

(1286 

(1381 

667 

15.61 

1.45 

0.57 

.{N-N-NJ-  4 

2036 

1344 

647 

13.15 

1.75 

0.58 

* Ref.  15.  * Ref.  16.  * Ref.  17.  4 Ref.  18. 

* The  broken  lines  indicate  partial  bonds  due  to  appreciable  contribution  from  other  metomeric 
structures. 
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to  be  the  same  as  that  in  Na  (1. 10  A)1*  and  rHF  to  be  1.37  A (rNF in  traits- 
NjFj  ->  1.398  and  in  NFS  — 1.371  A),s  one  obtains  for  fu  of  NaF+  a value  of 
0.202  mdyne/A  or  0.304  mdyne  * A • rad'1.  Using  the  frequency  value  of 803  cm-1, 
previously  suggested91  for  va  of  NaF+,  ft  would  become  0.856  mdyne/A.  Com- 
parison of  the  frequencies  and  force  constants  of  NaF+  with  those  of  a series  of 
isoelectronic  molecules  and  ions  (Table  3)  shows  that  a value  of  0.86  mdyne/A 
totfm  of  NaF+  would  be  out  of  line.  Table  3 also  demonstrates  thal,£  appears  to 
be  quite  useful  for  distinguishing  single  bonds  from  multiple  bonds,  especially  in 
cases  where  no  additional  experimental  data  are  available  to  uniquely  determine 
frM.  Thomas  et  al.2‘  have  recently  published  a relation  having  the  form 
f,  — 37.3/r5-71  between  the  valence  force  constant  and  bond  length  of  N-N  bonds. 
This  relation  might  be  used  to  crosscheck  our  estimate  of  used  for  the  computa- 
tion of fm.  Assuming/,  « 21.23  mdyne/A,  becomes  1.10  A which  is  identical 
with  our  estimated  value. 

The  conclusions  reached  by  Shamir  and  Binenboym5,  that  NaF+  is  linear 
and  asymmetric  and  that  the  N-N  bond  has  triple  bond  character,  are  certainly 
correct.  Based  on  the  force  constant  values,  contributions  of  the  mesomeric  struc- 
ture (II)  to  the  bonding  in  NaF+  are  noticeable. 


jjN-N-F]]  + *-* 

[<"->] 

(I) 

(«) 

(N-N-Oj  ~ 

^N-N-O^ 

but  must  be  relatively  small  contrary  to  the  situation  in  NaO  where  (II)  strongly 
contributes. 
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Halogen  Perchlorates.  Vibrational  Spectra 

Bv  KAKI.  O.  CHR1STE.*  CART  J.  SCHACK,  and  E.  C.  CURTIS 
Rerrwd  Noetmbtr  17,  1970 

The  infrared  s|>cctru  of  gaseous,  aolid,  and  mutrix-isoiuted  ClOCIOc  and  (he  Raman  spectrum  of  liquid  OOCIOi  have  been 
measured.  All  12  fundamentals  ex]>ected  for  symmetry  C,  were  observed  and  assigned.  The  infrared  spectra  of  gaseous 
and  matrix-isolated  BrOCIO,  lutve  also  been  recorded.  Some  vibrational  force  constants  and  tile  thermodynamic  properties 
have  been  computed. 


Introduction 

Recently,  the  existence  of  the  two  novel  halogen 
oxides,  ClOClOj  and  RrOClO*,  has  been  discovered.'-1 
Their  chemical  and  physical  properties1-1  were  in  ac- 

11)  C.  ].  Sc  hack  and  II.  Plllpovkh.  hut,.  Ckrm.,  »,  13*7  <l#70). 

(3)  C J Be  hack,  K.  O.  Chri»t».  I).  PiH|»vkh.  and  K.  II.  WiUon.  iM.lt. 
1U7SIIU7I). 


cordancc  with  covalent  halogen  perchlorate  structures. 
In  this  paper  we  wish  to  present  spectroscopic  data 
supjiorting  these  suggested  structures. 

Experimental  Section 

The  preparation,  purification,  and  handling  of  CIOClOi  and 
BrOCIO*  liavc  liecti  reported  elsewhere. '•*  Tlie  apparatus  used 
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for  the  low-temperature  matrix  isolation  and  infrared  spectro- 
scopic studies  has  previously  been  described. •!’J  The  low-tem- 
perature infrared  spectrum  of  solid  CIOCIO,  was  recorded  by 
condensing  the  sample  on  the  cold  ( — 196°)  internal  AgCl  window 
of  a conventional  low-temperature  cell.  The  Kamnn  spectra  of 
liquid  ClOClOj  were  obtained  using  Kel-F  or  Teflon  FEP  capil- 
laries in  the  transverse  viewing-transverse  excitation  mode. 
The  capillaries  were  cooled  ( — 20  to  —80®)  by  a stream  of  cold 
gaseous  X,.  The  intense  light  from  the  exciting  laser  beam  (1.3 
W at  5145  A)  tended  partially  to  decompose  the  sample  causing 
gas  evolution,  thus  rendering  the  recording  of  spectra  diflicult. 
However,  reproducible  spectra  could  be  obtained  by  rapidly 
scanning  the  spectrum  by  hand.  Under  these  conditions  no 
lines  could  be  detected  due  to  0,0,*'*  which  is  the  major  decom- 
position product  in  the  photolysis  of  CIOCIO,.1  The  Raman 
instrument  used  in  this  study  has  previously  been  described.' 

Results  end  Discussion 

Caution!  Halogen  perchlorates  arc  shock  sensitive' 
and  should  be  handled  •with  proper  safety  precautions. 

Figure  1 shows  the  infrared  spectrum  of  gaseous 
ClOClOj.  The  infrared  spectra  of  solid  and  matrix- 
isolated  CIOCIO,  are  given  in  Figure  2.  Since  chlorine 


Figure  2. — Infrared  spectrum  of  solid  CIOCIO,:  trace  A, 
8.2  Mmol  of  sample  in  Ar  matrix  (mole  ratio  - 800)  at  4*K ; trace 
B,  crystalline  solid. 

has  two  natural  isotopes  (“Cl  and  ”C1  in  a 3:1  mole 
ratio),  the  spectra  of  matrix-isolated  species  were  re- 
corded at  1 ()-fold  scale  expansion  under  high-resolution 
conditions  (see  Figure  3)  to  determine  the  isotopic 
shifts.  Figure  4 shows  the  Raman  spectrum  of  liquid 
CIOCIO,.  Figure  5 shows  the  infrared  spectrum  of 

Cl)  K<)  I'lm.LuiKl  II.  ISIIpovich,  J.  Amrr.  Ih.m  ..  M,  Al  ( 1071). 

1 1)  U.  Savour  and  I'.  tUfudrr,  Can.  J.  Cktm..  M,  Util  UIHU). 

ID)  J.  U.  WiU  and  K.  M.  Hnuanktf.  Clum.  Comma*..  W7  (IV70),  cod 
l»rivait  commuoictttion. 

(0)  K O CNrisle.  Spgclrochim.  Act • .Sect.  A.  if,  40:i  (1071). 


Figure  3 — Infrared  spectra  of  matrix-isolated  CIOCIO,  and 
BrOCIO,  at  4°K  under  high-resolution  conditions  and  tenfold 
scale  expansion  (1  scale  unit  - 5 cm"1):  trace  A,  CIOCIO, 
sample  of  Figure  2A;  trace  B,  4.6  pmol  of  CIOCIO,  in  Ar  matrix 
(mole  ratio  — 400);  trace  C,  2.5  gmol  of  BrOCIO,  in  Ar  matrix 
(mole  ratio  - 400). 


Figure  4. — Raman  spectrum  of  liquid  CIOCIO,  at  —40*. 
Traces  A and  B scanned  manually;  trace  C automatically: 
traces  B end  C,  incident  polarization  perpendicular;  trace  A, 
incident  polarization  parallel;  D,  spectral  slit  width. 

gaseous  and  matrix-isolated  BrOCIO,.  The  observed 
frequencies  are  listed  in  Table  I. 

The  recording  of  the  vibrational  spectra  of  CIOCIO, 
and  BrOCIO,  presented  several  experimental  challenges 
since  these  two  halogen  perchlorates  are  shock  and  light 
sensitive,  thermally  uttsluble  (they  decompose  ut  or 
below  ambient  temperature),  and  highly  reactive1-* 
(they  attack  infrared  windows  r ich  as  AgCl  causing 
formation  of  AgCIO,  and  Cl,).  onsequently,  nutner- 
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Figure  5. — Infrared  spectrum  of  BrOClOj:  trace  A,  2.5  jmiol 
of  sample  in  Ar  matrix  (mole  ratio  — 400}  at  4*K;  trace  B,  gas  at 
20  mm  pressure  (5-cm  path  length ). 

OU8  spectra  had  to  be  recorded  under  varying  experi- 
mental conditions  to  be  able  to  eliminate  bands  due  to 
decomposition  products. 

For  a chlorine  oxide,  having  the  empirical  formula 
C1|0«,  many  possible  structures  can  be  written.  How- 
ever, the  number  of  observed  fundamentals  (eight 
polarized  and  four  depolarized  ones),  the  resemblance 
between  the  spectrum  of  CljO,  and  those  of  BrC104, 
HOCKV  OsClOClC.,4'4  FClOj,'  FOCIO,.'  and  CIO- 
SOjF10  (see  Table  II),  and  its  chemical  and  physical 

17>  P.  A.  Uliumud  R.  Savult.  Can  J.  I Vw..  49,  4W  (IMS). 

(S)  II.  II  Clumi  jad  K.  H.  /»«•«.  Ckr m„  »,  (S3  (1970). 

(»)  U.  AgaUgian,  A P.  Gray  rad  C.  I).  Vickon.  Cam.  J.  Cktm..  M,  107 

<1943). 

(10)  X.  O.  Christa,  C.  J.  Schack,  and  K C.  Curtis,  Sfadrotkim.  Ada, 
Sad.  A.  M,  3.147  (1970). 


properties1  can  only  be  explained  in  terms  of  the  follow- 
ing covalent  perchlorate  structure  of  symmetry  C. 

O-Cl 

I 

C! 

sA 

o o o 

For  a six-atom  molecule  of  symmetry  C\,  a total  of  12 
fundamentals  is  expected.  Of  these,  8 belong  to 
species  A'  and  should  be  polarized,  and  4 belong  to 
species  A"  and  should  be  depolarized.  Indeed,  three 
lines  (at  561 , •'182,  and  02  cm-1)  ap]>car  to  be  depolarized 
and  a fourth  one  (at  1280  cm-1)  may  contain  a depo- 
larized component.  Hence,  these  four  fundamentals 
are  assigned  to  the  four  A"  modes.  Of  these  foir.  the 
highest  and  lowest  frequency  bands  can  be  i .^dily 
assigned  to  the  antisymmetric  ClOj  stretch  and  the 
-O-Cl  torsion,  respectively.  Since  the  antisymmetric 
ClOj  deformation  mode  should  be  of  higher  frequency 
and  infrared  intensity  than  the  CIO]  torsional  mode, 
it  is  assigned  to  the  501-em-1  band. 

Of  the  8 A'  modes,  the  antisymmetric  and  symmetric 
CIO]  stretches  should  have  the  highest  frequencies 
since  they  involve  double  bonds-  Consequently  they 
are  assigned  to  the  bands  at  1287  and  11140  cm-1, 
respectively.  The  coincidence  of  the  A'  and  A"  anti- 
symmetric ClOj  stretching  modes  at  about  1280  an-1 
is  supported  by  the  splitting  of  this  hand  into  two  in- 
tense com]K»neuts  in  the  S|>cclruiii  of  matrix-isoluted 
CIOCIOj.  Furthermore,  the  computation  of  the  fre- 
quencies of  the  fundamentals  from  estimated  force 
constants  results  in  almost  identical  frequency  vuiucs 
for  pj  and  p».  The  observed  ‘HTl  and  *C1  isotope 
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Table  II 


Fundamental  Vibrations  of  Halogen  Pbrcklora".  ~s  Compared  to  Those  of  Similar  Molecules 
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.I(/u.  Sol.  .1, 26.  2307 

(1970) 

6 H.  AxahiRiau.  A.  P.  Gray,  and  G. 

Vickers,  Cun.  J.  Chou..  40,  1 57  (UK!-1)  ' A.  Gixucrc  and  R.  Savoie,  ibid..  40,  495  (1902).  J J.  1).  Witt  and  R M.  Hannnakcr, 
Chou.  Com w uu  . fit  17  (1970),  and  private  communication.  ' H.  H.  Claasseti  and  K H Appelman,  laorg.  Chon.,  9,  022  (1970).  1 Com- 
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splittings  (sec  below)  confirm  these  assignments.  The 
complexity  of  the  bands  in  the  12NH-  and  1040-em  •• 
region  renders  the  assignment  to  individual  bands 
somewhat  uncertain.  However,  in  the  matrix  sjiectra 
of  both  ClOClOj  and  BrOClOj  a similar  pattern  of  band 
pairs  was  observed.  The  splitting  of  each  pair  is  about 
l.r>  cm"  1 and  the  components  have  a relative  intensity 
of  approximately  .‘1:1,  The  two  most  intense  pairs 
were  chosen  to  lx-  due  to  f,  and  r»,  respectively.  The 
remaining  band  pairs  (marked  by  B 1)  in  Table  I) 
might  lx-  caused  by  possible  Fermi  resonance  of  r(  and 
v2  with  2f„  respectively,  and/or  matrix  site  splittings. 
The  bands  at  74!)  and  04(1  cm  1 should  represent  the 
two  remaining  stretching  modes  of  species  A'.  Com- 
parison between  the  spectra  of  ClOClOj  and  BrOClOj 
shows  that  the  7411-cm-'  baml  is  shifted  to  (iN.'l  cm  1 in 
BrOClOj  whereas  the  (>4<i-em band  exhibits  prac- 
tically no  frequency  shift.  Consequently,  the  74!) 
cm  1 must  be  due  to  the  -O  Hal  stretching  mode  and 
(ill)  cm-1  represents  the  OjCl  ()  stretch 

There  are  four  frequencies  (f»N0,  oil,  .'{55,  and  ION 
cm  ')  left  for  assignment  to  the  four  deformational 
modes  in  species  A'.  Of  these,  the  Cl  O Cl  deforma- 
tion should  have  the  lowest,  and  the  rocking  inode,  the 
second  lowest  frequency.  Consequently,  they  are 
assigned  to  10N  and  355  cm'1,  respectively.  The  two 
remaining  frequencies  belong  to  the  CIO,.  scissoring  and 
the  ClOj  umbrella  deformational  modes.  Of  these  two, 
the  umbrella  mode  should  have  the  higher  relative  in- 
tensity in  the  Kaman  spectrum.  Furthermore,  force 
constant  arguments  (see  below)  favor  a higher  fre- 
quency value  for  the  scissoring  mode.  This  is  due  to 
the  fact  that  the  scissoring  mode  involves  mainly  an 
angle  charge  between  two  double  bonds,  whereas  the 
umbrella  mode  involves  also  a change  of  the  angle  be- 
tween the  single  and  double  bonds.  Consequently, 
the  5N()-cm' 1 band  is  assigned  to  the  scissoring,  and  the 
511-cm"'  band,  to  the  umbrella  mode.  This  assign- 
ment agrees  well  with  that  made  for  FClOj.*-11 

Additional  support  for  the  above  given  assignments 
can  be  obtuined  from  the  observed  band  contours  of 
gaseous  ClOClOj  (see  Figure  1).  Thus,  the  bauds  at 
104(1,  74!),  and  511  ear1,  assigned  to  the  A'  modes, 
fj,  fj,  and  F*.  res|>ectively,  exhibit  a P^)R  structure  close 
to  that  expected  for  parallel  bands  of  an  almost  sym- 
metric-top molecule. 

(II)  I ».  U-  Milt-  amt  l»  K Mann.  J ( hem.  Phys  .ll,  1 128  (lUVI). 


The  vibrational  spectrum  of  BrOClOj  is  not  as  com- 
plete as  that  of  ClOClOj  owing  to  the  lack  of  Raman 
data.  However,  nine  out  of  the  expected  twelve  funda- 
mentals were  observed.  Eight  out  of  the  nine  observed 
fundamentals  of  BrOClOj  show  frequencies  almost 
identical  with  those  of  ClOClOj  and,  hence,  were  as- 
signed by  analogy.  The  ninth  mode  exhibits  a shift  to 
a lower  frequency  and  is  assigned  to  the  O - Br  stretching 
vibration.  The  magnitude  of  the  shift  agrees  well  with 
that  predicted  assuming  the  O-Br  bond  strength  to  be 
comparable  to  that  of  the  ()-Cl  bond  and  taking  the 
different  mass  into  consideration.  Comparison  of  the 
vibrational  spectra  of  ClOClOj  and  BrOClOj  with  those 
of  HOClOj.7  OjClOCK),,*-  FCKV  FOCl()j,“  and 
ClOSOjF"1  (see  Table  II)  shows  excellent  agreement. 

Normal-Coordinated  Analysis.  The  potential  and 
kinetic  energy  metrics  for  chlorine  and  bromine  per- 
chlorates were  evaluated  by  a machine  method. 17  An 
assumed  geometry  was  used,  with  the  perchlorate  group 
taken  the  same  as  in  perchloric  acid. ”■ 14  The  remain- 
ing parameters,  the  O Cl  and  O-Br  bond  lengths  and 
the  CI  O-  Hal  bond  angle,  were  taken  to  be  1.(13  and 

I. N5  A and  110°,  respectively,  based  on  a comparison 
with  related  molecules.16 

The  force  constants  were  adjusted  by  trial  and  error 
with  the  aid  of  a time-sharing  computer  to  give  a 
reasonably  close  fit  between  the  computed  frequencies 
and  those  reported  in  Table  11.  The  results  obtained 
for  the  force  constants  are  /<-i_o  ■»  N.S,  /ci-o  - /o-ci  “ 
J o-i»r  = 2.05,  /o-ci-o  = !■!•.  joi-o-ci  = 1-4,  and 
/o-C’i-o  = 11.  with  the  units  for  the  stretching  con- 
stants being  millidynes  per  Angstrom  and  for  the  bend- 
ing constants  being  millidynes  per  angstrom  per  square 
radian.  The  bending  coordinates  were  weighted  by 
unit  (1  A)  distance.  The  only  significant  interactions 
found  were  /ci-o,o-ci-o.  which  has  a value  about  0.2 
mdyn/(A  radian),  and  /ci-o.o-ci  ” fc. i-o.o-m  - <>-36 
mdyn/A.  The  isotope  shifts  were  computed  using 
these  force  constants  and  are  reported  in  Tabic  III.  A 
somewhat  better  frequency  fit  was  obtained  with 
slightly  different  force  constants  and  additional  inter- 
action constants  with  small  numerical  values,  but  they 
were  not  used  here  because  they  are  underdetermined 

(12)  K.  C.  CurlU,  Hockantyn*  Report  86708,  Oct  11144. 

(I'D  A.  IL  Clark,  B.  B««ley.  ami  I).  W.  J.  C/uickaheak,  Chrm.  Commun., 
l-t  (1»68). 

(14)  A.  H.  Clark.  B.  liwjlry.  I).  W.  J.  Crutekrtwnk,  aad  T.  G.  Hawitt. 

J.  Chrm.  Sot.  A.  16111  (11)70). 

(16)  L.  K Sutton,  Chrm  Sot..  Spn.  PuU..  Mo.  It  (104.6) 
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Table  III 


Comparison  between  Observed  and  Calculated 
“C1-"C!  Isotopic  Shifts  of  HalOClO, 


N' or  rani 

mode 

A'  * 

p-  — Iaotopic  shift  (cm  l)  and  r«l 
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•'ll 

0,0.9 

3:1 

<1 

• Kor  CIOCIO,.  * For  BrOCIO,. 

not  particularly  transferable  between  the  two 
perehloruics.  The  computed  potential  energy  dis- 
tribution for  chlorine  perchlorate  is  given  in  Table  IV. 

Table  IV 

Potential  Energy  Distribution  for  Chlorine  Perchlorate* 


Vt 

1287 

0.91/cuo 

1040 

0 . 94/ci-o 

749 

0.58/O-.CI'  + 0.20/ciu-o..cr  + 0.15/o^i-o 

040 

0.78/ci-o  + — 0. 10/ci-o,o-ci-<> 

0. 10/o-ci.o  — 0-  10/ci-o.o-cr 

** 

580 

0.92/o«ci*o 

** 

511 

0.44/o«cu«  + 33/o-ct-o  4*  0. 10/cuo.n 

•T 

355 

0.60/o«4*j-o  + O.-l/o-n' 

198 

0.60/ci-ti-ci'  *4  0. ~5/<>«ci-u 

•'V 

1271 

0.94/ci-o 

501 

0.99/(>«cuo 

•'ll 

382 

1.05/uu.m-o 

* The  results  do  not  add  up  to  unity  since  the  less  important 
terms  are  not  shown. 

The  results  for  bromine  perchlorate  were  very  similar. 

Further  attempts  to  refine  the  force  constants  using 
both  the  usual  least-squares  methods  and  the  reparam- 
eterization method1'  were  unsuccessful.  This  appears 
to  be  due  to  mixing  of  w and  **.  The  problem  was  in- 
vestigated at  some  length  by  varying  the  interaction 
constants  with  the  time-sharing  computer  until  we  be- 
came convinced  that  any  reasonable  set  of  harmonic 
force  constants  that  fit  the  other  frequencies  in  the  A' 
block  could  not  fit  n-  The  same  problem  occurred 
with  two  other  molecules  with  similar  geometry, 
CFjOF17  and  ClOSOiF.1" 

The  failure  of  the  force  constants  to  duplicate  the 
observed  ,4C1-17C1  isotope  splittings  for  all  modes  sug- 
gests that  the  chosen  valence  force  field  might  be  too 
simple.  In  particular,  the  frequency  shift  of  8.5  cm-1 
observed  for  p«  is  about  twice  that  calculated.  Since 
pi  is  the  only  mode  in  the  A'  block  having  an  isotope 
splitting  larger  than  5 cm-1,  mixing  between  pi  and  p<  is 
indicated,  though  difficult  to  rationalize  due  to  the 
great  dissimilarity  of  the  force  constants  involved. 

Thermodynamic  Properties. — The  thermodynamic 
properties  for  chlorine  and  bromine  perchlorate  were 
computed  for  the  ideal  gas  using  the  rigid-rotor  har- 
monic oscillator  approximation.  1H’I“  The  vibrational 

(10)  K.  C.  Curtis,  Sp«trockim.  Acta,  S'd.  A , in  prtts. 

(17)  P.  M.  Wilt.  PhD.  l)iM*rt«tiun,  Vanderbilt  University,  1967;  Dist. 
AkUr  . /?.*•,  M27  (1900). 

(18)  ) it  Mnytr  and  M.  O.  Mayer.  “Statistical  Mechanics,"  Wiley, 
New  York.  N Y.f  1040. 

(10)  J.  I>.  Witt  (private  communication)  computed  that  the  barrier  to 
internal  rotation  is  3.0  kcal  based  on  the  assignment  eiveo  lor  m.  This  im- 
plies that  at  temperatures  below  2000°  K internal  rotation  contributes  little 
to  the  internal  partition  fuoctiop. 


frequencies  used  were  those  of  Table  II.  The  rota- 
tional constants  computed  from  the  geometry  assumed 
above  were  .1  = B — 1821,  and  C - 1808  Me  for 
chlorine  perchlorate  and  . 1 = 5020,  B = 1 155,  and  C - 
1150  Me  for  bromine  perchlorate.  The  reduced 
moment  of  inertia1*  was  24  Gc  for  chlorine  perchlorate 
and  18  Gc  for  bromine  perchlorate.  The  thermo- 
dynamic properties  are  given  in  Tables  V and  VI. 


Table  V 

Computed  Thermodynamic  Properties  for  CIOCIO, 


c 0 

//•  - ««., 

-</•■*  - //•«)/ J1, 

■V*. 

cal  deg  -i 

T.  °K 

cal  deg  mol-1 

kcal  mol~> 

cal  deg-1  mol“* 

mol  -* 

0 

0 

0 

0 

0 

100 

11.451 

0.938 

51.985 

61.362 

2(X) 

16.471 

2.333 

59.166 

70.829 

298. 15 

20.563 

4.161 

64 . 256 

78.211 

300 

20.628 

4.199 

64.343 

78.339 

4(X) 

23.572 

6.418 

08.658 

84.701 

500 

25.623 

8.883 

72.428 

90. 195 

000 

27.058 

11.522 

75.799 

95.001 

700 

28.077 

14.281 

78.852 

99.253 

.son 

28.816 

17. 128 

81.643 

103.053 

9041 

29.363 

20.038 

84.216 

106.481 

KMX) 

29.778 

22.996 

86.601 

109.597 

11(K) 

30.097 

25.991 

88.823 

112.450 

1200 

30.348 

29.013 

90.903 

115.080 

1300 

30.549 

32.059 

92.857 

117.518 

1400 

30.711 

35.122 

94.701 

119.788 

15<X) 

30.844 

38.200 

96.445 

121.911 

1000 

30.954 

41.290 

98.099 

123.905 

1700 

31.040 

44.390 

99.673 

125.785 

1800 

31 . 124 

47.498 

101.174 

127.502 

194X) 

31.191 

50.614 

102.007 

129.246 

204X) 

31.248 

53 . 736 

103.980 

130.848 

Table  VI 

Computed  Thermodynamic  Properties  for  BrOCIO,* 


<v. 

11°  - //*,. 

~<F*  - ll‘,)/r. 

.Si. 

cal  deg~* 

V 

cal  deg  '*  i»i,1  - 1 

kcal  iuuI  “* 

caldCK-1  luol-1 

mol  -* 

0 

II 

0 

0 

(1 

too 

12.042 

0.972 

53.975 

63.692 

21 X) 

10.926 

2.420 

01.434 

73.533 

298.15 

20.898 

4.280 

66.697 

81.073 

3IX) 

20.901 

4.325 

60 . 780 

81 . 202 

4(X) 

23.819 

0.572 

71.217 

87.649 

5(X) 

25.809 

9.000 

75.071 

93.191 

(MX) 

27.202 

11.715 

78.503 

98.027 

7(X) 

28. 190 

14.487 

81.003 

102.299 

800 

28.907 

17.344 

84.433 

106.112 

9<X) 

29.438 

20.262 

87.030 

109.549 

KXX) 

29.840 

23.227 

89.440 

112.072 

1KX) 

30. 149 

26.227 

91.689 

115.532 

12(X) 

30.393 

29.254 

93.787 

118.166 

131X) 

30.587 

32.304 

95.757 

120.606 

14(X) 

30.744 

35.371 

97.014 

122.879 

1500 

30.873 

38.452 

09.370 

125.005 

1600 

30.980 

41.545 

101.035 

127.001 

17(X) 

31.009 

44.647 

102.619 

128.882 

1800 

31.145 

47.758 

104.128 

130.600 

1900 

31.209 

50.870 

105.569 

132.345 

2000 

31.265 

54.000 

106.948 

133.948 

• Units  arc  identical  with  those  of  Table  V. 
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The  preparation1-4  and  the  vibrational  tpectruui6  of 
NF4+AsF«~  have  previously  been  reported.  It  was 
shown  that  the  NF,+  cation  is  tetrahedral.1-6  Out  of 
the  four  fundamental  vibrations  of  NF«+,  the  Ai  and  the 
E mode  can  be  observed  only  in  the  Raman  spectrum. 
At  the  time  of  the  previous  spectroscopic  study,6  only  a 
very  small  amount  of  material  and  no  laser  Raman  spec- 
trometer were  available  to  us.  The  observed  infrared 
spectrum  was  of  very  good  quality ; however,  owing  to  a 
low  signal  to  noise  ratio  in  the  Raman  spectrum,  only 
tentative  assignments  could  be  made  at  that  time  for  the 
Ai  and  the  E mode. 

In  this  note,  we  wish  to  report  the  laser  Raman  spec- 
trum of  NF«+AsFi-  (see  Figure  1,  trace  A).  It  is 
shown  that  m (Ai)  and  v?  (E)  of  NF,+  occur  at  847  and 
445  cm"1,  respectively.  The  value  of  847  cm-1  for  n 
(Ai)  is  close  to  these  of  844  and  N3fi  cm-1  deduced  from 
the  infrared-active6  combination  bands  (pi  + j»,) 
and  (m  + pj),  respectively.  The  symmetry  force 
constants  computed  with  these  revised  Raman 
frequencies  are  Fa  = 8.03  and  Fa  “ 0.74  mdyn/A. 
Adopting  for  the  Fj  block  the  previously  reported 
values,6  the  internal  force  constants  of  NF,+  can  be  cal 
culated  (see  Table  I).  These  force  constants  are  not 

(t)  K.  O.  Christf,  J.  P.  Gucrtin,  tnd  A.  B.  Pnvltth,  Inorg.  Nufl.  Chet*. 
Lflt  . S,  83  (1966). 

(2)  W.  K.  Tolbcrg.  R.  T.  Rcwick.  R.  S Stiinghtm,  tnd  M.  E.  HIM.  ibid.,  ft, 
79  UUOtt). 

(M)  J.  P.  Curt  tin,  K.  O.  Cbri«*«\  uml  A.  I i.  Pavlttb,  Inorg.  Chtm.,  3,  1 tf  2 1 
O mm). 

(4)  W.  M Tolbtrc,  R.  T.  Kcwkk,  R.  S.  Stiinghtui,  tnd  M.  E.  Hill,  ibid.,  0, 
llfiO  (1907). 

(ft)  K.O  lliildt.  J.  |\  Ouertin.  A.  li.  PtvUtii,  tml  W.Stwodny,  ibid  , 
634  (1907). 


Table  1 

Force  Constants  op  the  Isoblectronic  Series 
NF,+,  CF,.  BF,"  (mdyn/A) 


NF,‘ 

CF.* 

BF,-* 

/. 

0.22 

6.93 

4.87 

frr 

0.00 

0.77 

0.62 

f«  ~ faa' 

0.98 

1.02 

0.72 

ft»a  — faa' 

0.12 

0.16 

0.13 

fra  “*  fra  ’ 

0.77 

0.57 

0.43 

" H.  Siebcrt,  "Aiiwcnriuiigcn  der  Schwingungsspi-ktroskopic  in 
tier  anorgumsditii  Clicmie,"  Springer- VerJag,  Berlin,  1906,  p 69. 

unique  since  in  the  Fr  block,  three  force  constants  had 
to  be  computed  from  two  vibrational  frequencies  using 
the  approximating  method  of  Fadini.6  For  the  iso- 
electronic  species,  CF,  and  BF,-,  this  method  has 
yielded  values  close  to  those  of  the  general  valence  force 
fie'd  and,  hence,  may  also  be  a good  approximation  for 
NF,+.  A detailed  discussion  of  the  trends  observed 
within  this  isoelectronic  series  has  previously  been 
given.6 

The  sample  used  for  the  present  investigation  was  pre- 
pared by  the  high  pressure-temperature  method.4 
However,  contrary  to  previous  reports,4  the  reaction 
product  was  not  homogeneous.  At  the  bottom  of  the 
Monel  reactor,  a white,  loose  solid  had  accumulated 
which,  according  to  its  elemental  analysis,  had  the  ap- 
proximate composition  (in  mol  %)  03.2  NF,+AsF»-, 
5.8  Ni(AsF«)j,  and  1.0  Cu(AsF»)j.  Its  vibrational 
spectrum  is  depicted  by  traces  A in  Figures  1 aiid  2 and 
shows  the  bands  expected  for  the  tetrahedral  NF,+  and 
the  approximately  octahedral  AsF»~  ion.  About  an 
equal  amount  of  solid  product  was  uniformly  distrib- 
uted over  the  walls  of  the  reactor.  It,  was  pale  yellow 
and,  according  to  its  elemer*al  analy^'s,  showed  a sub- 
stantially increased  Ni  and  Cu  content.  Furthermore, 
its  infrared  and  Raman  spectra  (traces  B in  Figures  1 
and  2)  show  that  the  bands  which  in  traces  A could  not 
be  accounted  for  in  terms  of  octahedral  AsF»~  and  tet- 
rahedral NF,+  have  strongly  increased  in  relative  in- 
tensity. Therefore,  these  additional  bands  must  be  at- 

(6)  W.  Sawotlny,  A.  Kudin!.  tnd  K.  Sptdrotkim.  Arts,  El,  998 

(1966). 
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Figure  1.-  -Replotted  Raman  spectra  of  solid  NF,  *AsF, 
containing  smaller  (sample  1,  trace  A)  and  larger  (sample  II, 
trace  B)  amounts  of  metal  salts.  C indicates  spectral  slit  width. 


Figure  if.—  Infrared  spectra  of  solid  NF,'AsF»".  Samples  of 
traces  A (AgBr  pellet)  and  B (dry  powder  between  AgCI 
plates)  are  identical  with  those  of  Figure  1. 


tributed  to  the  presence  of  the  metal  salts.7  Further- 
more, the  previous  reports4  on  the  hydrolysis  of  N F«  * 
were  confirmed  in  that  NF,  and  O*  were  quantitatively 


(7)  Sine*  the  elemental  analysis  of  lb*  Ni-  and  Cu  rich  sample  showed  an 
As  content  somewhat  higher  than  that  expected  on  the  basis  of  the  found  N, 
Ni.  and  Cu  values,  we  have  explored  the  possible  presence  of  a stable  AsiFu  " 
anion  in  more  detail.  Solutions  of  the  salt  in  HP  showed  only  the  “F  nrar 
I lines  characteristic  for  NFt*,  AsFr,  and  HF,  but  no  evidence  for  those  pre- 

j viously  reported  (F.  A.  W.  Dean,  R.  J.  Gillespie,  and  R.  Hulme,  Cktm. 

I Commum.,  WOO  (1U6U))  for  AsiFu".  When  CHiCN  was  used  as  a solvent, 

j interaction  with  NKs*  occurred,  resulting  in  a disappearance  of  the  NF«4 

| signals  but  in  a preservation  of  the  AsF«~  lines.  Again  no  evidence  for  the 

As)Fji~  lines  was  obtained.  Attempts  to  prepare  Cs  ‘ AsiFu  under  condi- 
| tions  similar  to  tho«e  used  io  the  NF«4AsFs"  synthesis,  » r , elevated  tem- 

perature and  pressure,  produced  exclusively  C*  * AsFi  *.  On  the  basis  of 
these  findings  aud  the  previously  reported  instability  of  AstPu  " salts  (P.  A. 
W.  Dean,  ti  a/.,  Cfcrw,  Comhikn.,  V90  OWCtt)).  the  presence  of  a stable  AsiFu 
salt  in  our  sample  appears  unlikely. 
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Notes 

evolved  in  a £ : 1 mole  ratio,  and  no  evidence  for  the  for- 
mation of  nitrogen  oxides  or  oxyfluorides1  was  found. 

Experimental  Section 

Materials  and  Apparatu*. — The  materials  used  in  this  work 
were  manipulated  in  a welt-passivated  (with  ClFi)  304  stainless 
steel  vacuum  line  equipped  with  Teflon  FEP  U traps  and  316 
stainless  steel  bellows-seal  valves  (Hoke  Inc.,  426  IK4Y).  Pres- 
sures were  measured  with  a Heise-Bourdon  tube-type  gauge  (0- 
1600  mm  ± 0.1%).  Nitrogen  trifluoride  (Air  Products)  and 
AsF»  (Ozark  Mahoning  Co.)  were  purified  by  fractional  condensa- 
tion. Prior  to  its  use,  fluorine  (Roeketdyne)  was  passed  through 
a NaF  trap  to  remove  HF  impurities.  Because  of  their  hygro- 
scopic nature,  materials  were  handled  outside  of  the  vacuum 
system  in  the  dry  nitrogen  atmosphere  of  a glove  box.  The  infra- 
red spectra  were  recorded  on  a I’erkin-Elmer  Model  467  spec- 
trophotometer as  dry  powders  between  AgCI  or  AgBr  windows 
or  in  the  form  of  pressed  AgBr  disks.  The  Raman  spectra  were 
recorded  using  a Coherent  Radiation  Laboratories  Model  62  Ar 
laser  as  a source  of  1.3  W of  exciting  light  at  5146  A.  The  scat- 
tered light  was  analyzed  with  a Spex  Model  1400  double  mono- 
chromator, a photomultiplier  cooled  to  —25°,  and  a de  ammeter. 
Pyrcx-glass  tubes  (7-nun  o.d.)  with  a hollow  inside  glass  cone  for 
variable  sample  thicknesses  nr  melting  point  capillaries  were  used 
as  sample  containers. 

Preparation  of  NFpAsF,  . Nitrogen  trifluoride  (180  mmol), 
AsFi  (180  mmol),  and  F,  (300  mmol)  were  heated  in  a passi- 
vated 150-ml  Monel  cylinder  under  autogenous  pressure  to  125° 
foe  20  days.  After  removal  of  unreacted  starting  materials,  the 
cylinder  was  opened  in  the  glove  box  and  contained  about  2.88  g 
of  a solid.  About  half  of  the  solid  had  accumulated  as  a loose 
white  |M>wder  (I)  at  the  bottom  of  the  reactor,  the  rest  being 
distributed  in  the  form  of  a yellowish  layer  (II)  over  tile  walls  of 
the  reactor.  Anal.  Caled  for  03.2  mol  % of  NFiAsI'Y  5.8 
mol  of  Ni(AsF«)j,  ami  1.0  mol  % of  Cu(AsF«),:  N,  4.50; 
Ni.  1.21;  Cu,  0.22;  As,  27.60;  total  F,  (ki.50;  hydrolyzable  F, 
0.11;  NF,:<),  mole  ratio,  2.0:1.  Found  for  I:  N,  4.04;  Ni, 
1.21;  Cu,  0.23;  As,  28.0;  total  F,  05;  hydrolyzable  F,  0.2; 
NF,:0„  2.0:1.  Found  for  11:  N,'  2.14;  Ni.  2.05;  Cu.  2.37; 

As.  28.0;  NF,  O,.  2.02:1. 

Elemental  Analy*i».  For  N,  Ni,  Cu,  As,  and  hydrolyzable  F 
analyses,  a weighted  sample  was  hydrolyzed  in  a Teflon  FEF  U 
trap.  The  total  amount  ol  gas  (NF,  +-  (),)  was  measured  volu- 
metrieally;  then  NF,  was  separated  from  O,  by  fractional  con- 
densation at  —210°,  measured,  and  identified  by  infrared  spec- 
troscopy. The  aqueous  solution  was  analyzed  for  Ni,  Cu,  and 
As  by  atomic  absorption,  for  As  by  X-ray  fluorescence  spec- 
troscopy, and  for  hydrolyzable  F both  by  Til  (NO,),  titration  and 
by  means  of  a fluoride  electrode.  For  the  total  fluoride  deter- 
mination,«lhc  sample  was  fused  prior  to  the  F " analysis  using  the 
Parr  bomb  technique  (Na,0,  4-  starch). 

Acknowledgment.  The  author  wishes  to  express 
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NAR  tor  the  use  of  the  Raman  spectrophotometer. 
This  work  was  supported  by  the  Office  of  Naval  Re- 
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The  Difiuorochlorate(V)  Anion,  ClOiFi-.  Vibrational  Spectrum  and  Force  Constants 

By  KARL  O.  CHRISTS*  and  E.  C.  CURTIS 
Rtotiuei  May  3, 1971 

The  inhered  end  the  Reman  spectre  a f solid  CsF  • ClOiF  have  been  recorded.  They  ere  consistent  with  e ClOiF,-  onion  of 
symmetry  The  structure  cut  be  derived  from  a trigonal  b<  pyramid,  where  the  two  F atoms  occupy  the  axial  end  the 
two  O atoms  and  the  lone  electron  pair  occupy  the  equatorial  positions.  A modified  valence  force  field  has  been  computed 
for  CKAF*-,  indicating  double- bond  character  for  the  CIO  bonds  end  rather  weak  GIF  bonds  with  high  ionic  contributions. 

.1 


Introduction 

Huggins  and  Pox  have  recently  reported1  the  exis- 
tence of  CsClOtFt-  However,  they  did  not  succeed  in 
obtaining  any  spectroscopic  or  structural  data  on  this 
interesting  compound.  In  this  paper,  we  report  the 
vibrational  spectrum  and  the  results  of  a force-field 
computation  for  CaCiO-Ft 

Experimental  Section 

Materials  sad  Agfarata*.— ‘ The  materials  used  in  this  work 
were  msnipulsted  in  a well-passivated  (with  CiF»)  304  stainless 


steel  vacuum  line  equipped  with  Teflon  FEP  U trap*  and  310 
steinlwe  steel  beUows-seal  valves  (Hoke  Inc.,  420  IF4Y).  Pres- 
sures were  measured  with  a Heist  Bourdon  tube-type  gauge  (0- 
1600  mm  ±0.1%).  Chloryl  fluoride  (prepared  in  this  labora- 
tory from  KCIO,  and  F$')  was  purified  by  fractional  condensation. 
Its  purity  was  determined  by  mmuiring  its  vapor  pressure  and 
infrared  spectrum.  Cesium  fluoride  was  fused  in  a platinum 
crucible  and  powdered  in  a dry  box  prior  to  use.  Because  of 
their  hygroacopicity,  materials  were  handled  outside  of  the 
vacuum  system  in  the  dry  nitrogen  atmosphere  of  a glove  box. 

The  infrared  spectra  were  recorded  on  Perkin- Elmer  Model 
337  and  467  spectrophotometers  in  the  range  4000-260  cm-1. 


<l)  1>.  K.  Haute*  (tag  W.  B.  Fu»,  I Mr,.  Wad.  Ckrm.  U*„  S,  St?  (1»70). 


(1)  A Easdbmht,  4as»w.  Cktm„  SS,  t4S  (ISM). 
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Tablb  I 

Vibrational  Spbctkuu  or  C*+CIOiFi-  and  Its  Assignment  Compared  to  Thosb  op  Sntiu*  Molecules  and  Ions 

Obad  Iraq,  *■-»,  ud  iat«a* AaaigoaMMt  Approx 
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The  spectra  of  gases  were  obtained  using  304  stainlea.  steel  cells 
of  6- cm  path  length  fitted  with  AgCl  windows.  Screw-cap  metal 
cells  with  AgCl  or  AgBr  windows  and  Teflou  FEP  gaskets  were 
used  for  obtaining  the  spectra  of  solids  as  dry  powders  at  ambient 
temperature.  The  quality  of  the  infrared  spectra  could  be  some- 
what improved  by  pressing  two  small  single-crystal  platelets  of 
either  AgCl  or  AgBr  to  a disk  in  a pellet  press.  The  powdered 
sample  was  placed  between  the  platelets  before  starting  the  press- 
ing operation. 

The  Raman  spectra  were  recorded  using  a Coherent  Radiation 
Laboratories  Model  52  Ar  ion  laser  as  a source  of  1.3  Wof  excit- 
ing light  at  6146  A.  The  scattered  light  was  analyzed  with  a 
Spex  Model  1400  double  monochromator,  a photomultiplier 
cooled  to  <•«  — 25*,  and  a dc  ammeter . pyrex-glasa  tubes  (7-mm 
o.d.)  with  a hollow  inside  glass  cone  for  variable  sample  thick- 
nesses or  Pyrex  or  dear  Kel-F  capillaries  were  used  as  sample  con- 
tainers. For  the  capillaries  the  transverse  viewing-transverse 
excitation  technique  and  for  the  conical  tube  the  axial  viewing- 
transverse  excitation  technique  were  used . 

Preparation  of  CaClOtFi. — Dry  CsF  (7.64  mmol)  was  placed 
into  a 10-ml  prepassivated  (with  C1F,)  316  stainless  steel  cylinder 
and  ClOtF  (22.60  mmol)  was  added  at  —198°.  The  cylinder 
was  kept  at  — 26*  for  24  hr  and  subsequently  placed  on  a mechan- 
ical shaker  for  24  hr  at  26*.  Unreacted  ClOiF  (16.89  mmol)  was 
removed  t«  vacuo  at  25*,  indicating  that  73.4%  of  the  CsF  bad 
been  converted  to  CrQOiF*. 

Results  and  Discussion 

Synthesis  and  Properties. — The  synthesis  and  prop- 
erties of  CsClOjFi  were  in  good  agreement  with  those 
previously  reported.1  The  hydrolysis  of  CsCIOjFj  was 
studied  by  exposing  a sample  of  CsClOjF,  between  AgCl 
plates  to  atmospheric  moist*  ire  and  by  monitoring  the 
changes  in  its  infrared  spectrum.  It  was  shown  that 
the  decrease  of  the  relative  intensity  of  the  bands  char- 
acteristic for  CIOjFj-  (see  below)  was  accompanied 
by  the  appearance  of  the  bands  characteristic*14  for  the 
CIO,-  and  HF,-  anions.  This  indicates  the  hydrolysis 
reaction  C10,F,"  + H,0  -*»  CIO,"  + 2HF. 

Vibrational  Spectra. — Figures  1 and  2 show  the  infra- 
red and  Raman  spectra,  respectively,  of  solid  CsClOtFz. 
Weak  absorptions  owing  to  CIO,-  (960,  940,  620,  and 
480  cm-1)  and  HF»-  (1420  and  1230  cm-1)  were 
almost  always  observed  in  the  infrared  spectrum.  The 
upjieurancc  of  the  CIO,-  and  HF,-  bunds  in  the  infra- 

(3)  J.  L.  H alien  bw,  mad  D.  A.  Dow*,  SPtctrockim.  A tit.  It,  UU  (KMC). 

(4)  J.  A.  StltboMM  aad  T.  C.  Waddlogtoa,  J.  Chtm.  Fiji  , Hi,  SS74 
(IBM). 


Figure  1. — Infrared  spectrum  of  solid  Ca+C30,Fi  ‘ as  dry  powder 
in  sui  AgBr  disk. 

t 

K 

red  spectrum  is  due  to  the  pronounced  hygroscopicity 
of  CsC10,F,  and  to  the  small  sample  size  used  for  infra- 
red spectroscopy.  The  observed  frequencies  are  listed 
in  Table  I,  together  with  their  assignment. 

Numerous  structural  models  can  be  written  for  C10,- 
Fj“.  However,  their  number  can  be  restricted  since  the 
chlorine  central  atom  possesses  a free  electron  pair  which 
should  be  sterically  active.  Consequently,  this  chlo- 
rine atom  should  be  pentacoordinated,  thus  resulting  in 
a pseudo-trigonal-bipyramidal  structure  for  C10»F,-. 

For  this  structural  type,  five  different  arrangements  of 
the  ligands  are  possible.  Comparison  with  the  known 
structures  of  related  molecules,  such  as  substituted 
phosphorus  pentafluoiides,1-w  XeOtF,,11  or  IO,F*-,ts 
shows  that  the  two  axial  positions  are  always  occupied 
by  the  two  most  electronegative  ligands.1*  Theoreti- 
cal explanations  for  this  behavior  have  previously 
been  given.1*-1*  Therefore,  the  most  plausible  struc- 
ture for  ClOjF,-  is  < 

(8)  I.  R Baattla,  K.  M S.  Uviagrtoo,  and  D.  J.  Royaold*.  Mi.,  fl,  4 MS 
(1MB). 

(«)  K.  K.  HoiMW.Utf.,4*,  Z7S0OBS7),  udratarwcM cited  tUnwiu- 

(7)  J.  A Saltkoua*  aad  T.  C.  Waddiagtoo,  Sptttradkim.  At  It.  Pvt  A,  M, 

106B  (1M7). 

(8)  J.  B QriaUu,  J Chtm.  Pkyt.,  4»,  1107  (IMS). 

(B)  J.  Goabaau,  R.  Raawglrtaw,  aad  H.  W 8m,  t.  A tort-  Ad,.  Chtm.. 

MS,  ZM  (IBM). 

(10)  A.  J Dowaa  aad  R.  ScbmutiUr,  Sptttrotkim.  Acts,  ftri  A,  M,  Mil  ' 

(1M7).  , \ 

(11)  H.  H.  Claaaata,  B.  L.  Caaaar,  H.  Kiw,  aad  J.  L.  HihUmi,  7.  C*<«.  ' J 

Pkyt.,49,  2SS  (IBM).  I 

(13)  I..  Htliobul*  aad  M T.  kmn,  J.  A mm.  Chtm.  Stt..  M,  1S37  (1B40).  i 

(13)  R.  P.  Hadaoa,  Aag«w.  Ckem.,  Ini.  fid.  Sag).,  S,  74B  (1M7).  * 

(14)  K.  J.  OUleapU,  Mi., «,  SIB  (1M7).  ' J 

(15)  P.  C.  Vaa  Der  Vorm  aad  K.  8 Dtago,  /.  A mm.  Chtm.  Sot.,  M,  MM  j 

(IBM).  t 

(Id)  L.S.  BartaU.7a«r,.C*«.,»,  1MS(1BM).  j 
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Figure  2. — Reman  spectrum  of  solid  C*+CiO»F,';  (ample  container,  jiass  capillary;  C indicates  spectral  slit  width. 
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This  type  of  structure  has  also  been  suggested11  for  Xe- 
OiFj  which  is  isoelectronic  with  ClOjF,-. 

The  correctness  of  the  proposed  model  can  be  tested  by 
inspection  of  the  observed  vibrational  spectrum.  Spec- 
troscopically, this  model  should  contain  the  elements  of 
the  C10i+  cation  and  the  ClFj"  anion,  both  of  which 
have  recently  been  characterized.17"*  The  C10|  + cat- 
ion is  preferred  over  the  ClOt  radical  and  CIO,"  anion 
because  CIO,'*'  and  C10,F,~  contain  a chlorine  of  the 
same  oxidation  state  (+V).  Furthermore,  in  C10,F£ ", 
the  electron-withdrawing  effect  of  the  two  highly  elec- 
tronegative fluorine  ligands  is  expected  partially  to 
compensate  for  the  bond  weakening  influence  of  the 
formal  negative  charge.  On  the  other  hand,  one  should 
expect  the  two  C1F  bonds  to  be  rather  weak  for  the  fol- 
lowing reasons.  Generally,  in  chlorine  fluorides,  re- 
placement of  two  fluorine  atoms  by  one  doubly  bonded 
oxygen  atom  significantly  weakens  the  remaining  C1F 
bond.**  Furthermore,  the  formal  negative  charge  in 
anions  always  decreases  the  C1F  bond  strength  by  in- 
creasing the  ionic  contribution  to  these  bonds.  This 
can  be  easily  understood  since  the  formal  negative 
charge  will  not  be  concentrated  at  the  central  atom  but 
will  be  distributed  mainly  over  the  highly  electroneg- 
ative fluorine  ligands.  Since  CIOjFj"  contains  two 
doubly  bonded  oxygen  atoms  and  a formal  negative 
charge,  the  C1F  bonds  in  C10,F,~  should  be  at  least  as 
weak  as  or  weaker  than  in  C1F,~.  A closer  inspection 
of  Table  I immediately  reveals  that  the  above  predic- 
tions are  indeed  correct.  The  three  fundamentals  in- 
volving only  a motion  of  the  CIO,  part  of  the  ion  exhibit 
frequencies  very  close  to  those  of  C10»+  17  and  ClOjF.*1 
The  bands  assignable  to  the  three  corresponding  GIF, 
motions  show  frequencies  somewhat  lower  than  those* 
observed  for  C1F,~. 

All  nine  fundamentals  expected  for  XG,F,  of  symme- 
try Ct,  (these  are  classified  as  4 Ai  + A,  + 2 B,  -f  2 
B,)  were  observed  if  a coincidence  of  r,(Bi)  and  ?,(B,)  at 
337  cm"1  is  assumed.  This  double  coincidence  might 

(17)  K O.  Chrirte,  C.  J.  SchMk,  I>.  PiUtwvieb,  MS  W.  S*wtxUy,  l mart 
Cham.,  S,  MS*  (IMS). 

(It)  H.  A.  Carter,  W.  M.  Jokam,  ud  F.  Aubkt,  Can.  J.  Cham..  47,  441# 

0949). 

(19)  A.  I.  KaraUa,  X.  NIUtiaa,  Yu.  Ya.  Kkauitoaov,  aad  V.  Ya. 
RaaoIavtUl,  Xau.  J.  Inert.  Cham.,  It,  941  (1970). 

(50)  X.  O.  ChriaU.  W.  Savsday,  aad  J.  P.  Ouartia,  I nr-',.  Cham.,  9,  ! IS# 
(1997). 

(51)  K.  O.  Cbriau,  aapahUahad  raauiu. 

(S9)  I).  F.  3*1  tb,  O.  U Bagua.  aad  W.  H match*.  ShadnMm.  Ada,  S9, 
1711  (1944). 


account  for  the  surprisingly  high  relative  intensity  of  the 
337-cm"1  Raman  band  and  has  also  been  observed11 
for  isoelectronic  XeO,F,.  The  assignment  of  the  ob- 
served bands  to  the  individual  modes  is  straightforward 
and  was  made  by  comparison  with  the  known  spectra  of 
the  related  molecules  listed  in  Table  I.  Comparison 
between  the  corresponding  XF  modes  in  XcO,F,n  and 
C10,F,"  shows  that  the  deformational  modes  have  simi- 
lar frequencies  but  that  the  XeF  stretching  frequencies 
are  considerably  higher  than  the  C1F  ones.  This  is  not 
surprising  since  Cl  and  Xe  do  not  belong  to  the  same 
period  of  the  periodic  system.  Generally,  by  going  to 
the  next  higher  period,  the  electronegativity  of  the  cen- 
tral atom  decreases  and  its  size  increases,  thus  resulting 
in  an  increase  of  the  XF  stretching  and  a decrease  of  the 
XF  deformation  force  constants,  respectively.  This  ef- 
fect causes  the  stretching  and  deformation  frequencies 
to  move  further  apart  with  increasing  mass  number  and 
has  been  observed  for  several  series  of  related  molecules 
and  ions,  such  as  ClFt,  BrF*,  IF,;M  SF*~,  SeF»", 
TeF.-;« ClFa+, BrF,+ ;ttor C1F«~,  BrF,-.*  TheassigO- 
ment  of  the  weak  and  broad  Raman  band  at  480  cm"1 
to  i'i(A,)  should  be  considered  tentative.  This  band 
may  contain  some  contribution  from  #t(Bi);  how- 
ever, its  band  center  at  480  cm"1  differs  by  30 
cm-1  from  the  band  center  observed  for  r,  in  the  in- 
frared spectrum  (510  cm'1)  and,  hence,  should  belong 
to  a different  mode.  In  addition  to  the  bands  assigned 
to  fundamental  vibrations,  a weak  band  was  observed 
at  855  cm'1  in  the  infrared  spectrum  of  C10»F,~. 
This  band  cannot  be  due  to  a fundamental  vibrrtion 
and,  hence,  is  assigned  to  the  combination  band,  p»  -f- 
k»(Bi)-  The  splitting  of  n( A,)  into  three  components 
in  the  Raman  spectrum  and  of  e,(B,)  into  two  compo- 
nents in  the  infrared  spectrum  is  too  large  to  be  due  to 
the  two  different  chlorine  isotopes.  One  would  expect 
the  isotope  splittings  in  C10,F,~  to  be  similar  to  those 
found  for  CKV  ” and  C10»F.«  Since  the  C10*Ft" 
spectra  w ere  recorded  for  crystalline  samples,  other  ef- 
fects, such  as  site  symmetry  splittings,  are  possible. 

In  summary,  the  observed  number  of  bands,  their 
frequencies,  and  relative  intensities  in  both  the  infrared 
and  Raman  spectra  are  consistent  with  the  predicted 
pseudo- trig onal-bipyramidal  structure  of  symmetry 
Cu-  The  agreement  between-  the  spectrum  of  C1Q»F»~ 
and  those  of  related  molecules  is  excellent. 

Force  Constants. — A normal-coordinate  analysis  was 
carried  out  to  aid  in  the  spectral  assignment.  The 

(33)  G.  U.  W.  H.  PUtdMr.  ud  D.  F.  Saab.  /.  Cham.  P4j 4S, 

333#  (1996). 

(34)  K.  O.  Chrlata.  C.  J,  Scbeck,  B.  C.  Carta,  ud  D.  PUipawfch,  /mart- 
Chim.  <a  pr **. 

(35)  K.  O.  ChrlaU  ud  C,  J.  Schuk.  ttii..  9. 3444  (1470). 

(96)  X.  O.  CbriaU  ud  C.  J.  Scbccfc,  MJ-,  4,  IS43  (1070). 
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kinetic  and  potential  energy  metrics  were  computed  by 
a machine  method,*7  assuming  the  following  geometry: 
rCiF  - 1.79  A,  /?cio  - 1.43  A,  a - ZCCIO  - 120°,  0 - 
ZQC1F  - 90°,  and  ZFC1F  - 180°.  The  C1F  dis- 
tance was  taken  as  somewhat  larger  than  those**  of  the 
two  longer  bonds  in  ClFt  due  to  the  uncommonly  low 
stretching  frequencies  in  CIOjFj-.  The  CIO  distance 
was  estimated  from  the  bond  length-frequency  correla- 
tion of  Robinson.**  The  bond  angles  were  assumed  to 
be  those  of  an  ideal  trigonal  bipyramid,  although  they 
might  be  slightly  reduced  due  to  repulsion  by  the  lone 
pair  in  accord  with  the  Gillespie-Nyholm  theory.*0 

The  force  constants  were  calculated  by  trial  and  error 
with  the  aid  of  a time-sharing  computer  to  get  exact 
agreement  between  the  observed  and  computed  frequen- 
cies using  the  simplest  possible  modified  valence  force 
field,  i.e.,  keeping  the  number  of  nonzero  off-diagonal  in- 
teraction terms  at  a minimum . Owing  to  the  underdeter- 
mined nature  of  the  problem  (17  force  constants  from  9 
vibrational  frequencies),  unique  force  constants  could 
not  be  computed.  However,  numerical  experiments  es- 
tablished that  some  of  the  principal  force  constants  are 
quite  independent  of  the  chosen  interaction  constants 
and,  hence,  should  approach  those  of  a general  valence 
force  field.  The  computed  values  are  /*  » 8.3,/**  — 
0.1,/,  — 1.3,  and  /„  — —0.1  mdyn/A ;/„  - 1.95,/*  — 
1.2,  /**'  =*  0.57,  and/**  — 0.1  mdyn/A  radian*;  and 
ft*  — ft*  **  0.3  mdyn/A  radian.  The  deformation  co- 
ordinates were  weighted  by  unit  (1  A)  distance. 

The  force  constants  of  greatest  interest  are  the  stretch- 
ing force  constants  since  they  are  a direct  measure  for 
the  strength  of  the  various  bonds.  Comparison  with 
the  values  obtained  for  a number  of  related  molecules 
and  ions  (see  Table  II)  indicates  for  ClOjF,-  double - 

Tabl* II 

Stmtching  Force  Constants  (mdyn/A)  of  CIOiFi-  Compared 
to  Those  of  Related  Molecules  and  Ions 
cio*!- cio.* • cio/  cio.-*  aoj' ar.-* cif«- ' cif*  cif.* * 
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Reference  17. 

« Ml.  G.  Krishna  Pillai  and  R.  F.  Curl,  Jr., 

Chtm.  Phys,  37,  2921  (1962). 

' H.  Siebert,  "Anwendunsen 

der  Schwingungsspektroskopic  in  der  anorganiachen  Chum*," 
Sjjrinzer-VcrUg,  West  Berlin,  1966.  4 Reference  22.  • Refer- 

ence 20.  > K.  O.  Christ*  snd  W.  Sawodny,  Z Anot[  Alii . 
Chtm.,  374,  306  (1970).  • A.  K.  Nielsen  and  E.  A.  Jones,  /. 
Ctum  Phyt.,  19, 1 117  ( 1961 ).  * Reference  26. 

bond  character  for  the  two  chlorine-  oxygen  bonds  and 
unusually  weak  C1F  bonds.  The  value  of  the  Ct=0 
stretching  force  constant,/*,  is  slightly  lower  than  those 
in  CIO**  a and  ClOjF.**  This  slight  decrease  might  be 
explained  by  factors  such  as  the  influence  of  the  formal 
negative  charge,  change  in  hybridization  due  to  the  al- 
tered coordination  number  of  the  central  atom,  and  dif- 
ferent physical  states  (solid  vs.  gas).  Hence,  no  at- 
tempt will  be  made  to  evaluate  the  relative  contribu- 
tions from  each  effect. 

(17)  K C.  Curtis,  R sport  RS7SS.  Roefcstdyus,  Cuop  Port.  CsiU.,  Oct 
1«SS. 

(24)  10.  F.  Sudth,  I.  Ckrm.  Pkyt.,  11,  400  (1M4). 

(»)  B.  A.  Rofciaaoa,  Css.  /.  Chrm.,  44,  4021  (IMS). 

(40)  R.  ].  GUlsspi*  .M  R.  8.  Nyhola,  Qutrl.  Mir  . Chtm.  St*.,  U,  !M 
(14*7). 


Whereas  the  CIO  bonds  in  C10iF»~  exhibit  double- 
bond character,  the  value  of  the  C1F  stretching  force 
constant,  /,,  of  1 .6  mdyn/A  is  unusually  low.  In  addition 
to  the  reasons  discussed  above,  i.e.,  oxygen  substitution 
and  formal  negative  charge,  weak  C1F  bonds  might  be  ex- 
pected since  CIOiFi-  has  a pseudo- trigonal-bipyramidal 
structure.  As  pointed  out  previously,*1  this  type  of 
structure  appears  to  be  energetically  unfavorable  as  also 
indicated  by  the  low  thermal  stability  of  the  CsFCl- 
0*F  adduct. 

Comparison  of  the  stretching  force  constant  of  Cl- 
FjO»-  with  that10  of  C1F»~  is  particularly  interesting 
owing  to  their  close  structural  relationship.  Both  an- 
ions can  be  derived  from  a pseudo  trigonal  bipyramid. 
In  C10iFi~,  two  of  the  three  free  electron  pairs  on  the 
Cl  in  ClFi~  have  been  replaced  by  two  doubly  bonded 
oxygen  atoms  without  significantly  changing  the  geom- 
etry of  the  rest  of  the  ion,  i.e. 
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Hence,  a pronounced  decrease  of  the  C1F  stretching 
force  constant  from  ClFi~  (2.35  mdyn/A)**  to  C1F»- 
Ot-  (1.6  mdyn/A)  should  truly  reflect  the  influence  of 
the  doubly  bonded  oxygen  ligands.  Comparison  of  the 
related  pair 
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shows  that  the  decrease  of  /,  (see  Table  II)  from  C1F  to 
ClOiF  is  even  larger  than  for  the  pair  C1F*~,  CIOiFi-. 
The  same  trend  has  been  found  for  a number  of  other 
molecules*1  and,  hence,  appears  to  be  quite  general. 

The  small  negative  value  of  the  C1F  stretch-stretch 
interaction  constant,  f,„  is  comparable  to  that  found** 
for  KrFj  for  which  an  explanation  was  given  by  Coul- 
son.”  The  values  found  for  the  OC1F  and  OCIO  de- 
formation constants  are  as  expected.  The  large  values 
found  for  the  interaction  constant/**'  and  the  stretch- 
bend  interaction  terra,  /,*,  are  in  accord  with  those  ob- 
tained for  the  halogen  pentafluoride  molecules.** 

From  the  above  discussion  of  the  stretching  force 
constants,  it  became  obvious  that  the  C1=»0  bonds  ore 
predominantly  covalent,  wher  eas  the  C1F  bonds  contain 
strong  contributions  from  ionic  bonds.  This  finding 
confirms  the  previous  predictions**  postulating  the  fol- 
lowing bond  model  for  a trigonal-bipyramidal  type  moi- 
ety with  a free  electron  pair  on  the  central  atom.  The 
two  most  electronegative  ligands,  i.e.,  fluorine  atoms, 
occupy  the  axial  positions  and  the  two  oxygen  atoms 
and  the  free  electron  pair  the  three  equatorial  positions 
of  the  trigonal  bipyramid.  The  equatorial  bonds 
should  have  mainly  sp*  character  (ignoring  the  double- 
bond contributions),  whereas  the  axial  bonds  involve 

(11)  N.  BartMU  u4 F.  O.  Sladkjr, /■  Amir.  Ckcm.  St*., SS,  Ml#  (IMS). 

(43)  H.  H.  Cluau,  O.  L.  Goodaao.  J.  O.  Mala,  aad  F.  Sckrataar,  J. 
Ctum.  r*y»..  «#,  ISM  (IMS). 

(44)  C.  A C«lM.  »U„  44,  MS  (IMS). 

(34)  X.  O.  Chriata,  papar  praaaotad  at  tka  Fourth  lataraatioaal  FlnoriM 
Sjrapoaiua.  Kata  Farfc,  Colo.,  July  >M7. 
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mainly  a delocalized  p-dectron  pair  of  the  chlorine  cen- 
tral atom  for  the  formation  of  a aemiionic  three -center 
four-electron  p-<r  bond  pair.,'•,‘_*,  For  an  ideal  semi- 
ionic three-center  four-electron  bond,  one  should  there- 
fore expect  f,  to  have  a value  about  half  that  of  a cova- 
lent C1F  bond.  The  low  value  of  1 .6  mdyn/A  obtained 


(SS)  C.  c.  J.  CUm.  Pkyt.,  18.  44t  (1881). 

(84)  R.  J.  Hack  >H  R.  B.  Raadla,  J.  Aa Mr.  Ckrm.  Sot.,  T>,  4881  (18*1). 

(87)  R.  B.  Raadla,  Otf.,  88,  118(1948). 

(88)  K.  H.  Wiabaaca,  B.  B.  Havia*a,  aad  K.  H.  Boawtjk.  Attorn  I wort. 
Cktv.  Modiodun.,  8, 188  (1881). 
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for  C10*F»~  obviously  fulfills  these  requirements  (cova- 
lent C1F  bonds  show  stretching  force  constants  ranging 
from  about  3.5  to  4.7  mdyn/A)  and  supports  the  above 
bond  model. 
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Selenium  Chloride  Pentafluoride 


By  C.  J.  Schace,*  R.  D.  Wilron,  and  J.  F.  Hon 

Rmmhtd  U*y  14.  1971 

The  existence  of  SF*C1  has  been  known1  for  some 
time,  while  TeF*Cl  has  been  reported  more  recently. 
However,  no  report  concerning  the  preparation  of  the 
intermediate  member  of  the  S-Se-Te  triad,  SeF,Cl, 
has  appeared.  Suce  the  best  synthetic  routes*  to 
SFtCl  involve  chlorination  of  sulfur  fluoride  substrates 
and  wh«n>  this  reaction  had  Iwen  found  to  hr  rtihumwl 
by  added  alkali  metal  fluorides,*  this  technique  was 
applied  to  the  formation  of  SeF»Cl.  We  wish  now  to 
report  the  synthesis  and  characterization  of  this  new 
compound. 

XxpesimaaUl  Section 

Apparent*  and  Materials. — ' The  equipment  used  in  this  work 
has  been  described*  and  waa  (implemented  with  a Perk  in-Elmer 


Model  457  Infracord  and  a 10-em,  stainless  steel  infrared  cell 
fitted  with  AgBr  windows.  Detail*  concerning  the  preparation 
or  treatment  of  C1F,  ClSO,F,  and  CsF  have  been  given.'  Addi- 
tional materials  were  purchased  and  used  as  received. 

S»F,. — Selenium  tetrafluoride  was  first  prepared  from  Se 
powder  and  C1F  according  to  Pitta  and  Jsche.*  later  it  waa 
determined  that  C1F|  performed  equally  weil  in  this  reaction, 
thereby  circumventing  the  need  to  prepare  QF.  Typically,  a 
prepassivated  30*ml  stainless  steel  cylinder  was  loaded  with  Se 
powder  (14.2  g-atoms)  in  the  dry  box.  Chlorine  trifiuoride 
(20.3  mmol)  was  added  at  —196*  from  a vacuum  line  and  the 
cylinder  allowed  to  warm  slowly  to  ambient  temperature  where 
it  was  maintained  for  1 day  or  until  needed.  Vacuum  fractiona- 
tion through  U traps  cooled  to  —SO,  —78,  and  —196*  furnished 
SeF*  (12.3  mmol)  in  the  highest  temperature  trap.  The  purity 
and  identity  of  the  SeF<  were  verified  by  its  vapor  pressure* 
and  infrared  spectrum.*  Baaed  on  the  equation  3Se  + 4C1F* 


(I)  H.  I..  RMw-UssdN  li  Rsy,  J.  Cktm.  St.,  SM  (l«S0). 

(3)  O.  W.  Frassr,  R.  D.  Pateosk,  sag  F.  M.  Watklaa,  Cktm.  Caauaan . 

1147  (1960). 

(3)  F.  Nyasaa,  H.  L.  Robsrts  sad  T.  Scales.  /aar|.  Sys  .S,  1*0  (IMS). 

(4)  C.  J.  Schack,  K.  D Wilaoa.  sad  U.  O.  Warasr,  Cktm.  Cssoaas.,  1110 

dtai). 

(»  C.  J.  Schack  sad  R.  D.  WiUoa.  Imtt  Cktm., *,  II I (1470). 

(6)  J.  J.  Pitt*  sad  A.  W.  Jachc,  ikid.,7, 1MI  (IKS), 

(7)  E.  B.  Ayaalay,  R.  B.  Dodd,  sad  R.  UUk,  StmtrmMm  AtU,  14,  100a 
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-*  3SeF«  4-  2CSt,  the  yield  wu  87%,  a value  comparable  to  that 
found  for  C1F  reactions. 

SeFtCl. — Selenium  chloride  penUftuoride  was  prepared  by 
first  forming  the  solid  complex  CsSeFt  from  CaF  and  SeF«.* 
Weighed  samples  of  the  complex  were  placqfl  in  prepaaaivated 
cylinders  and  ClSO»F  was  added  at  — 196“.  After  warming  to 
room  temperature  for  several  hours  or  more,  the  volatile  products 
were  separated  by  fractional  condensation  at  —95,  —112,  and 
— 196*.  Unreacted  ClSOtF  was  retained  at  —95*  while  by- 
products and  impurities  such  as  C1F,  FCIO,,  and  Cli  passed  into 
the  trap  cooled  to  —166*.  Pure  SeFtCl  was  found  in  the  —112* 
fraction.  From  4.50  mmol  of  CsSeFi,  4.13  mmol  of  SeFiCl 
was  obtained,  corresponding  to  a yield  of  91.7%  for  the  equation 
CsSeFt  4-  CISOjF  — CsSOtF  + SeFtCl.  The  presence  of  un- 
complexed  CsF  in  the  salt  does  not  inhibit  the  formation  of 
SeFtCl  directly  but  does  result  in  the  loss  of  some  CISOiF  by 
reaction  to  form  C1F.* 

Because  the  system  CsF-SFr-CIF  was  very  effective4  in  pro- 
ducing SFtCl,  it  was  expected  that  CsF-SeF.-CIF  would  behave 
similarly.  Such  was  not  the  case  and  unreacted  C1F  eras  always 
fully  recoverable  after  1 day  or  several  weeks  in  contact  with 
CsSeF*.  However,  in  the  course  of  preparing  SeF,  from  Se  and 
C1F  or  ClFt,  it  was  found  that  excesses  of  the  chlorine  fluorides 
gave  detectable  yields  of  SeFtCl.  To  determine  the  extent  of 
this  reaction,  4.19  mmol  of  SeFt  and  4.21  mmol  of  C1F  were 
placed  in  a 10-ml  stainless  steel  cylinder  and  kept  at  ambient 
temperature  for  8 days.  Separation  of  the  products  by  fractional 
condensation  led  to  the  recovery  of  unreacted  SeF,  and  C1F 
(1.45  mmol  of  each),  as  well  as  trace  amounts  of  SeFt  and  Cli. 
The  main  product  was  SeFtCl  (2.62  mmol),  representing  a 95% 
yield  based  on  the  SeF,  that  had  reacted.  With  ClFt,  up  to 
10%  yields  of  SeFtCl  were  obtained  but  always  accompanied  by 
much  greater  amounts  of  SeF,.  Thus  the  direct  reaction  of  SeF, 
and  C1F  affords  an  alternate,  albeit  less  efficient,  route  to  SeFtCl. 

Properties  of  SeFtCl. — Selenium  chloride  pentafluoride  is 
colorless  as  a gas,  liquid,  or  solid.  It  is  stable  at  ambient  tem- 
perature when  stored  in  clean,  dry,  passivated  stainless  steel 
cylinders.  Howsver,  contact  with  glass  always  resulted  in 
significant  decomposition.  Even  glassware  suitably  dry  and 
otherwise  prepared  for  the  manipulation  of  CIF,  did  not  serve 
for  handling  SeFiCl.  It  seems  likely  that  this  property  hindered 
the  earlier  discovery  of  this  compound.  , 

Analysis. — A 0.2001-g  sample  of  SeF,C;  was  hydrolysed  with 
excess  standardized  NaOH  solution  in  a glues  ampoule  fitted  with 
a Teflon  Fischer-Porter  valve.  Fluoride;  selenium,  and  base 
consumption  were  determined  as  reported  jby  Smith  and  Cady.* 
Fluoride  was  also  determined  by  the  usual- thorium  nitrate  titra- 
tion. The  amount  of  base  consumed  was!  calculated,  assuming 
the  hvdrolysis  equation  SeFtCl  4-  SOH  ' +■*•  SeO,*  ~ + 4H40  4- 
5F-  + O'.  Anal.  Calcd  for  SeFtCl:  jSe,  37.71;  F,  46.37; 
OH~  consumed,  8.00  equiv/mol.  Found:;  Se,  37.98;  F,  45.18; 
OH ~ consumed,  7.82  equiv/mol.  [ 

Molecular  Weight. — The  molecular  weight  of  the  compound  as 
determined  by  vapor  density,  assuming  ideal  gas  behavior,  was 
208  (calcd  209.5). 

Vapor  Pressure,  Bolling  Point,  and  Melting  Point.— The 
vapor  (sublimation)  pressures  of  SeFtCl  over  the  temperature 
range  —79  to  4-3*  are  as  follows  [T  (*C),  P (mm)):  —78.7, 

6;  -64.4,  19;  -45.3,  66;  -32.2,  142;  -23.0,  220;  0.0,  630; 
3.5,  729.  The  pressure-temperature  relationship  is  described 
by  the  equation  log  Pmm  - 7.779  — 136fi)/7^K.  The  normal 
boiling  point  calculated  from  the  equation'  is  4.5s,  with  a heat 
of  vaporisation  of  6.22  keal/mol  and  a Trouton  constant  of  22.4. 
Under  its  own  vapor,  the  compound  melts  at  — 19*.  Since  part 
of  the  pressure-temperature  data  given  a/e  below  the  melting 
point,  it  is  actually  a sublimation  pressure  and  not  a vapor  pres- 

(•) B.  B.  Ajrasley.  R.  D.  Peacock,  cod  P.  L.  Robiatoa,  J.  Cktm.  Sac..  1221 
(1989). 

(9)  J.  K.Snitksnd  G.  H.  Csd>  'wriCUa.,!,  1293  (1970). 


sure.  However,  pressure  values  obtained  above  and  below  the 
melting  point  were  nearly  on  the  same  line,  indicating  little 
difference  in  the  heats  of  sublimation  and  vaporization  and  con- 
sequently a very  low  heat  of  fusion. 

Infrared  Spectrum. — The  infrared  spectrum  of  SeFtCl  in  the 
range  4000-250  ctn~‘  shows  several  absorptiono  with  the  most 
prominent  ones  occurring  at  745  (vvs),  440  (va),  420  (a),  385 
(w),  and  335  cm"1  (m).  The  two  highest  frequencies  and  the 
strongest  bands  noted  are  comparable  to  those  of  bands  of  simi- 
lar intensity  and  position  in  related  hexacoordinate  selenium 
fluorides.  Thus,  the  two  strongest  bands  for  SeF»“  occur  at 
780  and  430  cm  and  for  SePtOF11  at  750  and  422  cm'1.  That 
these  bands  are  typical  of  the  SeFt  group  is  shown  by  their  pres- 
ence in  a aeries  of  substituted  SeFt  compounds.11  A detailed 
analysis  of  the  vibrational  spectrum  of  SeFtCl  is  in  progress.1* 

Nuclear  Magnetic  Resonance  Spectrum.— The  «F  nmr  spec- 
trum of  SeFtCl  is  shown  in  Figure  1 . It  is  an  ABt  spectrum  and 


mXmm  tj 
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Figure  1. — The  >»F  nmr  spectrum  of  SeFtCl. 

resembles  that  of  SFiCl'*  so  closely  as  to  be  virtually  identical. 
The  reported1*  chemical  shifts  for  SFtCl  when  converted  to  e 
CFClt  reference  point  are  —62.3  and  — 125.fc>  ppm,  respect- 
ively, for  the  axial  and  equatorial  fluorines.  For  SeFtCl,  the 
corresponding  values  taken  from  Figure  1 are  —71.3  and 
— 132.0  ppm.  The  only  part  of  the  spectrum  of  SeFtCl  not 
identical  with  the  SFtCl  'example  is  the  appearance  of  the 
small  satellite  lints  due  to  nSc-14F  coupling.  The  observed 
coupling  constant  of  629  Hx  is  furthermore  comparable  to  selen- 
ium-fluorine coupling  in  compounds  which  contain  a chlorine 
bonded  to  the  selenium  central  atom  as  in  SeOFCl,  where  a value 
of  647  Hi  was  reported.14 
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Crystals  of  the  1:2  adduct  formed  by  BrF,  and  SbF,  consist  of  infinite  chains  of  discrete  BrF«+  and  Sb,Fn~  ions  coupled  by 
relatively  weak  fluorine  bridges  and,  accordingly,  should  be  formulated  as  [BrF,+]  [Sb.FM').  This  it  the  first  direct  evidence 
for  the  existence  of  the  BrF.1'  ion.  The  crystals  are  monoclinic  with  the  most  probable  space  group  P2i/d,  lattice  constants 
a - 14.19  ± 0.03,  t - 14  50  ± 0.03,  c - 6.27  ± 0.01  A,  $ ™ 90.8  fc  0.1°,  and  four  formula  units  per  unit  cell;  the  calcu- 
lated density  is  3.72  g cm  The  structural  parameters  were  refined  by  the  method  of  least-squares  with  visually  estimated 
Wetsscnbcrg  photographic  intensity  data.  The  final  value  of  the  conventional  agreement  index  R was  0.14  for  773  reflections 
having  ]F»|  greater  than  »(|F.|). 


Introduction 

Previous  investigations  of  solid  halogen  fluoride  ad- 
ducts have  provided  evidence  that  some  are  predom- 
inantly ionic1""4  and  others  are  predominantly  cova- 

• Aailicft*  c<KieMiK>aidtt»C4  to  thin  nuth.K  ut  ihr  N«hCH  Aomkifl  Rockwell 
Hdttkcv 
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lent.*-7  Infrared  and  Raman  spectroscopic  studies4 
of  the  1:2  adduct*  formed  by  BrF,  and  SbF»  yielded 
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equivocal  results  concerning  the  nature  of  this  com- 
pound because  of  the  large  number  of  possible  funda- 
mental vibrations  and  the  low  symmetry  of  the  bromine 
and  antimony  environments.  For  the  same  reasons, 
the  arguments  recently  presented  by  Meinert  and 
Gross'  in  favor  of  the  ionic  structure  are  not  convincing. 
To  resolve  the  ambiguity,  we  have  determined  the 
structure  from  single-crystal  X-ray  diffraction  data. 
Our  investigation  was  complicated  by  the  marginal  sta- 
bility of  the  adduct  and  its  tendency  to  decompose  on 
contact  with  atmospheric  moisture  and  with  glrss. 

Experimental  Section 

Preparation  of  Crystal!. — The  metal-Teflon  FEP  vacuum 
system  used  and  the  preparation  of  BrF»-2SbF,  have  been 
described  elsewhere.4  The  single  crystals  were  grown  by  slow 
sublimation  at  30°  in  dry  Nj.  In  a dry  Ni  glove  box,  they  were 
transferred  to  Teflon  FEP  capillaries,  which  were  subsequently 
sealed  with  high  melting  point  Halocarbon  wax.  A powder 
X-ray  diffraction  photograph  of  crushed  single  crystals  was 
identical  with  that  of  the  polycrystalline  material  from  which  the 
single  crystals  were  grown  and  for  which  the  composition  was 
established  by  quantitative  synthesis.4 

Crystallographic  Data. — Oscillation,  Weissenberg,  and  Buerger 
precession  photographs  were  obtained  with  Zr-filtered  Mo  K a 
(X  0.7107  A)  radiation.  These  data  showed  tliat  the  crystals 
have  monoclinic  symmetry.  From  the  systematic  extinctions, 
Mil  with  k odd  and  0*0  with  A odd,  the  most  probable  space  group 
was  determined  to  be  P2i/a.  The  lattice  constants,  measured 
from  Buerger  precession  photographs  taken  at  23*.  are  a — 
14.19  ± 0.03,  i - 14.30  ± 0.03,  c - 5.27  ± 0.01  A,  0 - 90.6  ± 
0.1*,  and  V - 1085  A*.  Assuming  that  the  unit  cell  contains 
four  empirical  formula  units  BrSbtFu  of  formula  weight  608.4, 
the  calculated  density  is  3.72  g cm  The  density  of  the  crystals 
has  not  been  measured,  but  the  calculated  volume  per  fluorine 
atom,  18.1  A*,  is  very  nearly  the  value  expected  for  approxi- 
mately close-packed  fluorine  atoms.1'"  For  Mo  Ka  radiation 
the  linear  absorption  coefficient  of  the  crystals  is  9.15  Dim'1. 

Intensity  Data. — The  X-ray  diffraction  intensities  were 
determined  from  Zr-filtered  Mo  Ka  multiple-film  equiinclination 
Weissenberg  photographs  by  visual  comparison  with  an  intensity 
scale.  The  specimen  was  approximately  0.15  X 0.2  X 0.4  mm 
in  dimension  with  the  longest  direction  nearly  parallel  to  the 
capillary  axis.  The  axis  of  rotation  was  the  crystallographic  a 
axis,  because  it  was  the  axis  most  nearly  aligned  with  the  capillary 
axis.  In  each  of  the  reciprocal  lattice  levels  h - 0-13,  intensities 
were  measured  in  the  range  (sin  9)/X  £ 0.65.  A total  of  892 
independent  reflections  having  intensities  above  background  was 
measured.  Omitted  from  the  intensity  measurements  were 
several  reflections  cut  off  by  the  Weissenberg  camera  beam  stop 
and  six  reflections  too  intense  to  be  measured  with  the  intensity 
scale  employed.  Within  the  range  of  the  measurements,  there 
were  a large  number  of  reflections  too  weak  to  be  observed . 

After  the  set  of  Weissenberg  photographs  was  complete,  the 
* - 0 level  Weissenberg  was  repeated  to  verify  that  there  had 
been  no  appreciable  decomposition  of  the  crystal.  Later, 
however,  the  crystal  did  decompose,  and,  unfortunately,  this 
happened  before  its  precise  shape  and  dimensions  had  been 
recorded;  therefore,  accurate  absorption  corrections  were  im- 
possible, and  none  was  made.  We  estimate  that  the  errors  in 
intensities  caused  by  absorption  are  no  greater  than  8%. 

The  intensities  were  reduced  to  a set  of  relative  structure 
amplitudes  | /?•(**/)!  by  applicat!on  of  the  appropriate  Lorentx- 
polarixation  factors  and  extraction  of  the  square  roots. 

DeterminfttkKi  of  the  Structure 

The  four  bromine,  eight  antimony,  and  sixty  fluorine  atoms 
per  unit  cell  are  all  in  the  fourfold  general  positions  of  space 
group  P2 ,/a,  the  equivalent  positions  of  which  are  x,  y,  s; 

— y,  ‘A  + *,  ‘A  — y . *;  'A  — *,  'A  + y,  — s.  The 

asymmetric  unit  of  the  structure  consists  of  one  BrSbtFu  formula 
unit  or  eighteen  atoms. 

The  arrangement  of  the  atoms  was  deduced  from  the  three- 
dimensional  Patterson  function  and  from  the  three-dimensional 
Fourier  electron  density  function  calculated  with  phases  de- 

(II)  H.  Mriaert  rad  U.  Grow,  t.  Chrm..  M,  S3«  (1*70). 

(10)  W.  M.  Zacharlaecn.  Ado  CrydoUotr.,  t.  3M  (IMS). 


te twined  by  the  bromine  and  antimony  contributions  to  the 
structure  factors. 

The  positional  parameters  were  refined  by  the  method  of  least 
squares.”  The  function  minimized  was  Xtc(|  F.|  — *i|Fj)*. 
A modification  of  the  Hughes"  weighting  procedure  was  used: 
for  I FJ  > 100,  v>  - 100/| F.|»;  for  100  St  |F.|  > 25,  w - 1/100; 
for  [F,[  < 25,  w - 1/625.  Separate  scale  factors  i*  were  used  tor 
each  of  the  Weissenberg  levels.  Scattering  factors  were  those 
for  the  neutral  atoms  given  by  Cromer  and  Waber."  The  real 
parts  of  the  anomalous  dispersion  corrections  for  bromine  and 
antimony  given  by  Cromer14  were  applied,  but  the  imaginary 
ports  were  neglected. 

The  thermal  parameters  were  kept  isotropic  until  the  agreement 
index  R - 2|[X|  — |F,||/2[F»|  had  decreased  to  about  0.20, 
after  which  the  thermal  parameters  of  the  bromine  and  antimony 
atoms  were  allowed  to  become  anisotropic.  With  anisotropic 
thermal  parameters  it  was  necessary  to  hold  at  least  one  scale 
factor  constant;  therefore,  the  scale  factors  for  levels  h — 0-2 
were  alternately  held  constant  in  successive  least-squares  cycles. 
Anisotropic  thermal  parameters  of  the  fluorine  atoms  were  not 
determined  because  of  the  large  number  of  variable  parameters 
this  would  entail. 

The  final  values  of  the  parameters  are  given  in  Table  I.  In 
Tabls  I 


Positional  and  Thermal  Parameters  and 
Their  Estimated  Standard  Ereoes* 


10<x 

10«y  (104#,) 

10*e  <10<v„) 

B (»#).  A* 

Br 

219 

(4) 

1478 

(5) 

3015 

(10) 

2.85* 

Sb(l) 

1510 

(4) 

6492 

(5) 

932 

(7) 

4.29* 

Sb(2) 

3149 

(4) 

8532 

(3) 

3945 

(9) 

3.30* 

F(l) 

997 

(30) 

613 

(28) 

4060 

(63) 

5.06 

(1.05) 

F(2) 

4293 

(33) 

674 

(30) 

47 

(66) 

5.60 

(1.14) 

F(3) 

2837 

(34) 

1482 

(37) 

1562 

(66) 

6 65 

(1.22) 

F(4) 

4191 

(31) 

2414 

(26) 

654 

(54) 

4.70 

(1.01) 

F(5) 

1171 

(23) 

2525 

(19) 

4841 

(49) 

3.21 

(0.74) 

F(6) 

2708 

(27) 

3460 

(26) 

3530 

(51) 

4.16 

(0.88) 

F(7) 

997 

(44) 

4406 

(41) 

4796 

(92) 

7.80 

(1  69) 

F(8) 

4435 

(22) 

4285 

(18) 

1386 

(43) 

2.81 

(0.70) 

F(9) 

2245 

(33) 

6733 

(28) 

2641 

(68) 

5.73 

(119) 

F(10) 

806 

(53) 

6322 

(52) 

3657 

(99) 

9 42 

(2.17) 

F<11) 

4049 

(34) 

6454 

(38) 

4 

(75) 

6 56 

(124) 

F(12) 

2355 

(33) 

7615 

(27) 

2330 

(62) 

5 07 

<1.18) 

F(13) 

641 

(33) 

8389 

(29) 

4292 

(62) 

5.47 

(1  17) 

F(14) 

3988 

(36) 

8298 

(29) 

950 

(67) 

6.13 

(1.36) 

F(15) 

2480 

(26) 

9409 

(24) 

1989 

(64) 

3.99 

(0  85) 

10«g,i 

10*0. 

10VJ« 

lO*0it 

1O*0i> 

10*0* 

Br 

33  (8) 

20(2) 

535 

(23) 

-1(3)  -42(6) 

-2  (10) 

Sb(l) 

78  (9) 

38(2) 

366 

(13) 

-2  (3)  -24  (6) 

-3(7) 

Sb(2) 

32  (8) 

25  (2) 

055 

(16) 

4 (4)  39  (4) 

-3(9) 

• The  Pit  are  for  the  expression  exp[—  (flu**  + Mt%  + /W*  + 
2ffuU  + 2ffu*l  + 20wil)].  ‘The  isotropic  thermal  parameters 
were  calculated  as  B - 4[  P1  det(/9„- )]'/». 


the  final  refinement  cycle,  the  Urgest  parameter  change  was  18% 
of  the  estimated  standard  error  in  that  parameter  value  and  most 
were  much  smaller.  After  convergence,  the  agreement  index  R. 
defined  above,  was  0.14  tor  the  773  reflections  having  |FJ 
greater  than  v ( — w'A).  Including  the  119  reflections  having 
|F,|  observable  but  less  than  <r,  the  index  R wax  0.16.  For  the 
full  set  of  892  data,  the  weighted  agreement  index  Rw  wax  0.17, 
and  the  standard  deviation  of  an  observation  of  unit  weight 
SIG1  was  1.2.  Table  II  compares  the  |F*|  values  with  the  F, 
calculated  from  the  final  parameter  values."  F.'u  were  cal- 
culated for  the  reflections  too  weak  to  he  observed  and  were  found 
to  be  satisfactorily  small. 


(II)  Using  tbs  computer  program  of  W.  St.  Buaiag,  K.  O.  Marti*,  sad 
H.  A.  Levy,  Report  ORNL-TM-J06,  Oak  Ridge  National  Laboratory, 
Oak  Rids*,  Tree  , IMS. 

(IS)  B.  W.  Hughea.  J.  far.  Ckrm.  So*.,  SI,  1737  (1M1). 

(13)  D.  T.  Craw  sod  J.  T.  Wabar,  Ado  Cryoioilotr.,  U,  104  (IMI). 

(14)  D.  T.  Cromer.  itU..  IS,  17  (IMS). 

(15)  treble  II  will  appear  faliowias  tfceee  pager  ia  the  microfilm  edition  of 
this  volume  of  the  journal.  Slagle  copier  may  be  obtained  from  the  Buelnaaa 
Operations  OMce,  Book*  aad  J oar  amir  Divlaioa.  America*  Chemical  Society, 
11S5  Sixteenth  St.,  N.W.,  Waekiagtoa,  D.  C.  SOOM,  by  ra^rrln*  to  author, 
tide  of  article,  volume,  aad  page  a umber.  Remit  aheak  or  meaty  order  far 
$3.00  for  photocopy  or  33.00  for  microfiche. 
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Ta»L»  III 

Intbxatomic  Dhtancs*  (A)  and  Bond  Angus  (dbg)* 


(a)  Br  Environment 


Br-F(l) 

1.76  ± 0.12 

F(l)-F(8) 

2.62  ± 0.15 

F(l>-Br-F(8) 

95.5  ± 5.0 

Br-F(8) 

1.78  ± 0.09 

F(l)-F(13) 

2.76  ± 0.18 

F(l)-Br-F(13) 

101.9  ± 6.6 

Br-F(13) 

1.80  ± 0.12 

F(D-F(11) 

2.47  ± 0.17 

F(l)-Br-F(ll) 

84.6  ± 6.9 

Br-F(ll) 

1.91  ± 0.13 

F(8)-F(13) 

2.62  ± 0.12 

F(8)-Br-F(13) 

94.0  ± 4.0 

Av 

1.81 

F(8>-F(n) 

2.52  ± 0.17 

F(8)-Br-F(ll) 

85.9  ± 5.3 

F(l>-F(5) 

2.81  ± 0.14 

F(l)-Br-F(5) 

88.5  ± 4.5 

Br-F(5) 

2.24  ± 0.10 

Av 

2.60 

Av  92.4 

Br-F(4) 

2.49  ± 0.11 

F(8)-F(4) 

2.76  ± 0.14 

F(8)-Br-F(4) 

78.5  ± 3.9 

F(13>-F(6) 

2.81  ± 0.17 

F(13)-Br-F(5) 

87.3  ± 4.7 

P(13>-F(4) 

3.04  ± 0.14 

F(13)-Br-F(4) 

88.4  ± 4.8 

F(l)-Br-F(4) 

168.5  ± 4.2 

P(H)“F(3) 

3.00  ± 0.16 

F(UHBr-F(5) 

02.2  ± 5.1 

F(8)-Br-F(5) 

175.4  =fc  3.5 

P(ll)-F(4) 

3.01  ± 0.20 

F(ll)-Br-F(4) 

85.2  ± 5.3 

F(ll)-Br-F(13) 

173.5  ±6.1 

P(«-F<4) 

3.56  ± 0.14 

F(5)-Br-F(4) 

97.2  ± 3.7 

Av  88.2 

(b)  Sb(l)  Environment 

Sb(l)-F(3) 

1.62  ± 0. 12 

F(3>-F(2) 

2.51  ± 0.20 

F(3)-Sb(l)-F(2) 

97.7  ± 6.6 

Sb(l)-P(2) 

1.72  ± 0.14 

F(3)-F(9) 

2.47  ± 0.16 

F(3)-Sb(l)-F(9) 

93.9  ± 6.5 

sbdhF(e) 

1.76  ± 0.13 

F(3>-F(4) 

2.40  ± 0.19 

F(3>-Sb(l>-F(4) 

87.1  ± 6.2 

SbdhF(lO) 

1.77  ± 0.18 

F(3)-F(12) 

2.64  ± 0.16 

P(3)-Sb(l)-F(12) 

87.9  ± 6.2 

Sb(lJ-F(4) 

1.86  ± 0.11 

F(2)-F(9) 

2.59  ± 0.20 

F(2)-Sb(l)-F(9) 

96.3  ± 6.5 

Sb(l)-F(12) 

• 

2.15  ± 0.12 

F(2)-F(10) 

2.17  ± 0.22 

F(2)-Sb(l)-F(10) 

76.8  ±8.1 

Av 

1.81 

F(2)-F(4) 

2.55  ± 0.16 

F(2)-Sb(l)-F(4) 

90.7  ± 5.5 

F(9>-F(10) 

2.28  ± 0.25 

F(9)-Sb(l)-F(10) 

80.5  ± 8.0 

F(9)-F(12) 

2.74  ± 0.18 

F(9)-Sb(l)~F(l2) 

88.4  ± 5.4 

F(2>-Sb(l}-F(l2) 

172.4  ± 6.1 

F(10)-F(4) 

2.77  ± 0.20 

F(10>-Sb(l)-F(4) 

99.2  ± 7.8 

F(3)-Sb(l  )-F(10) 

171.5  ± 10.2 

F(10)-F(12) 

2.98  ± 0.25 

F(10)-Sb(l  )-F(12) 

98.3  ± 7.7 

F(9)-Sb(l>-F(4) 

172.7  ± 5.8 

F(4)-F(12) 

2.70  ± 0.20 

F(4)-Sb(l)-F(12) 

84.5  ± 6.3 

Av 

2.57 

Av  90.1 

(c)  Sb(2)  Environment 

Sb(2)-F(8) 

1.81  ± 0.10 

F(6)-F{5) 

2.65  ± 0.14 

F(6)-Sb(2)-F(5) 

92.5  ± 4.3 

Sb(2)-F(6) 

1.86  ± 0.09 

F(6)-F(7) 

2.88  ± 0.22 

F(6)-Sb(2)-F(7) 

102.7  ± 6.0 

Sb(2 ) — K (7) 

1.87  ± 0.18 

F(6)-F{15) 

2.76  ± 0.13 

F(6)-Sb(2)-F(15) 

96.3  ± 4,8 

Sb(2)-F(16) 

1.89  ± 0.10 

F(6>F(12) 

2.50  ± 0.13 

F(8)-Sb(2)-F(12) 

83.5  ± 4.7 

Sb(2)-F(12) 

1.94  ± 0.12 

F(6)-F(7) 

2.74  ± 0.18 

F(5)-S0(2)-F(7) 

94.4  ± 5.9 

Sb(2)-F(14) 

2.01  ± 0.13 

F(5)-F(12) 

2.56  ± 0.17 

F(5)-Sb(2)-F(12) 

84.8  ± 5.1 

Av 

1.90 

P(6)-F(14) 

2.49  ± 0.13 

F(5)-Sb(2)-F(14) 

80  1 ± 4.5 

F(7)-F(i5) 

2.73  ± 0.18 

F(7)^Sb(2)-F(15) 

93.3  ± 6.8 

F(7>-F(14) 

2.75  ± 0.20 

F (7  )-Sb(2  )-F  (14 ) 

90.3  ± 6.4 

F(6>-Sb(2>-F(16) 

166.7  ± 4.0 

F(15)-F(12) 

2.61  ± 0.14 

F(15)-Sb(2)-F(12) 

86.3  ± 4.4 

F(6)-Sb(2)-F(14) 

166.8  ± 5.2 

F(15)-F(14) 

2.74  ± 0.18 

F(15)-Sb(2)-F(14) 

89.1  ± 4.0 

F(7FSb(2FF(12) 

173.8  ± 6.3 

F(12>-F(i4) 

2.63  ± 0. 19 

F 1 12 )-Sb(2 )-F(14 ) 

83.5  ± 5.2 

Av 

2.67 

Av  86.7 

(d)  Bridge  Bond  Angles 

Br-F(4)-Sb(l) 

174.1  ± 6.4 

Br-F(6)-Sb(2) 

170.8  ± 6.0 

Sb(l)-F(l2)-Sb(2) 

173.0  ± 6.4 

(e)  Nonbonded  Intrachain  Distances 

F(l>-F(9) 

3.03  ± 0.16 

F(2hF(7) 

3.47  ± 0.20 

F(S)-F(lt>) 

3.24  ±0.14 

■ The  limits  of  error  sre  3 times  the  computed  estimated  standard  errors. 


Discussion  of  the  Structure 
Our  results  show  that  the  crystals  consist  of  infinite 
chains  of  discrete  BrF«+  and  Sb*Fu~  ions  coupled  by 
relatively  weak  fluorine  bridges.  Accordingly  the  com- 
pound should  be  formulated  as  [BrF«+]{Sb|Fjt-l. 
This  conclusion  is  based  on  the  interatomic  distances1' 
in  the  structure,  which  are  given  in  Figure  1 and  Table 
III.  The  two  fluorine  atoms  F(4)  and  F(5)  involved 
in  the  Sb-F — Br  bridges  are  bonded  strongly  to  the 
antimony  atoms  and  only  weakly  to  the  bromine  atoms. 
The  Sb(l)-F(4)  and  Sb(2)-F(5)  distances  are  both 
equal  to  the  average  Sb-F  bond  distance  in  this  struc- 
ture, 1.86  A.  The  Br — F(4)  and  Br — F(5)  distances, 
2.49  and  2.24  A,  are  very  long  and  indicative  of  rela- 

(i<)  Coaputtd  With  tfc*  pro«rui  ul  W.  H.  Buola«,  K O.  Mortis,  msd 
H.  A.  Levy.  U apart  ORNL-TM-306.  Oak  Rld*«  Natiooal  Laboratory,  Oak 
RUia,  Tran..  1IM4. 


Figvre  1. — View  in  perspective  of  a aeament  of  the  chain 
structure  of  lBrF«+)lSb»Fii-)  crystals  (prepared  by  the  computer 
program  of  C.  K.  Johnston,  Report  ORNL-3794,  Oak  Ridge 
National  Laboratory,  Oak  Ridge,  Teim.,  1965). 
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Crystal  Structure  of  [BrF<+][SbiFii"] 
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Figure  2 — Stereoscopic-  view  to  rtiow  the  packing  urrangement  in  |BrF,  *)  |Sb,Fn  "]  crystals  (prepared  by  the  computer  program  of  C.  K. 
Jolinstou,  Report  ORNL-371H.  Oak  Ridge  National  Laboratory,  Oak  Ridge,  Telia.,  190f>).  The  viewing  direction  is  normal  to  the  001 
planes. 


lively  weak  bonding  compared  with  the  other  four 
Br-F  bond  distances,  which  average  l.Nl  A;  this  differ- 
ence is  substantially  greater  than  the  limits  of  error  in 
the  distances,  which  are  given  in  Table  III.  The  re- 
sults rule  out  the  alternative  possibility  of  an  essentially 
covalent  structure  with  strong  fluorine  bridges. 

The  bromine  atom  has  four  strongly  bonded  fluorine 
ligands,  F(l),  F(N),  F(ll),  and  F(13).  Including  the 
free  electron  pair  on  the  bromine  atom,  the  BrFyf 
structure  might  be  described  as  a distorted  trigonal  bi- 
pyramid with  F(l),  F(8),  and  the  free  pair  occupying 
the  three  equatorial  positions.  Part  of  the  cause  for 
the  distortion  from  an  ideal  trigonal  bipyramid  appears 
to  be  the  presence  of  the  two  additional,  more  remote 
fluorine  ligands,  F(4)  and  F(5),  which  belong  to  two 
neighboring  SbjFn"  groups.  This  results  in  a coordi- 
nation number  of  7 for  the  bromine  atom.  For  this  co- 
ordination number,  the  most  likely  structures  are  either 
a puckered  pentagonal  bipyramid  or  an  octahedron  dis- 
torted by  having  the  seventh  ligand  (the  free  electron 
pair)  above  one  of  the  triangular  octahedral  faces.  As 
can  be  seen  from  Figures  1 and  2 and  Table  III,  the 
face  is  that  formed  by  F(4),  F(5),  and  F(ll).  This  re- 
sults in  F(ll)  being  bent  toward  F(l)  and  F (X).  The 
free  electron  pair  of  the  bromine  atom  is  probably  not 
directed  at  the  center  of  the  octahedral  face  but  is  prob- 
ably much  closer  to  the  F(4)  F(5)  edge  because  of  its 
greater  distance  from  the  bromine  atom ; thus,  the  co- 
ordination polyhedron  approaches  a puckered  pentag- 
onal bipyramid.  This  pseudoheptacoordiuate  struc- 
ture of  BrF«+  closely  resembles  that  found  by 
Edwards  and  Jones17  for  SeF,+  in  [ScFj+|[NbjFu-]. 

The  geometiy  found  for  BrF,+  is  in  good  agreement 
with  that  reported  for  the  isoelectronic  SeF<  u Gas- 
eous SeF«  Las  bond  angles  of  169  and  100°  for  the  axial 
and  equatorial  bonds,  respectively,  compared  to  173 
and  96°  for  IirF«+.  The  deviation  of  the  bond  angles 
of  SeF«  from  those  of  an  ideal  trigonal  bipyramid  is  due 
to  the  nonbonded  electron  pair  being  more  diffuse  than 
the  bonded  one,  cai  sing  an  increased  repulsion.  The 
equatorial  and  axial  bonds  of  BrF«+  and  SeF,  show  a 
similar  difference  in  average  length  (0.085  vs.  0.089  A, 
respectively),  although  the  experimental  BrF,"1  values 
are  statistically  rather  insignificant  because  of  the  rel- 
atively large  error  limits.  As  expected,  the  bond  dis- 

(17)  A.  J.  Bdwvdi  wad  G.  R Jones.  J.  Ckrm  Sot.  A . 14DI  (l»70): 
Chtm.  Commnu.,  340  (IMS). 

(18)  I.  C.  Bu«rftUr,  R.  D.  Brown,  and  P.  K.  Burd*a,  J.  Me!  Sfitclrotc., 
fJ,  4M  (1M8). 


tances  in  BrF«+  arc  somewhat  smaller  than  those  found’ 
for  the  BrF<"  anion,  1.X9  A. 

The  SbjFn-  ion  has  the  expected  fluorine-bridged 
structure  in  which  each  antimony  atom  is  surrounded 
by  an  irregular  octahedral  array  of  fluorine  atoms  with 
one  fluorine  atom  shared  by  the  two  antimony  atoms. 
However,  the  structure  of  tile  Sb2Fn-  ion  rejiorted  here 
differs  somewhat  from  that  rejiorted  previously  for  this 
ion.3  The  essential  difference  is  the  pronounced  asym- 
metry of  the  Sb---F-Sb  bridge  in  the  present  case. 
The  Sb(l)— F(12)  distance  of  2.15  A indicates  a rela- 
tively weak  bond  compared  with  the  other  Sb-F  bonds 
in  the  structure ; the  difference  is  well  outside  the  limits 
of  error  in  the  distances.  Consistent  with  the  long 
Sb(l) — F(12)  distance,  the  other  Sb(l)-F  distances,  on 
the  average,  are  considerably  shorter  than  the  Sb(2)-F 
distances;  the  former  average  1.75  A,  while  the  latter 
average  1.90  A.  For  comparison,  in  [XeF  + ] [SbjFn  ~ J 
the  two  Sb  F bridge  bonds  were  found  to  differ  by  less 
than  twice  the  estimated  standard  error,  and  the  aver- 
age Sb-F  bond  distances  of  the  two  antimony  atoms 
were  found  to  be  very  nearly  the  same.*  Our  results 
suggest  that  the  SbjFu  ion  consists  of  an  SbF,  " ion  and 
an  SbFi  molecule  coupled  by  a moderately  strong  flu- 
orine bridge.  This  view  is  also  supported  by  the 
finding1’  that,  with  excess  of  SbF»,  SbF,~  forms  not 
only  SbjFn"  but  also  higher  polymeric  anions 
[Sb„PSw-i- 1"]  and  that  the  additional  Sbl'j  molecules 
can  be  removed  stepwise  by  controlled  pyrolysis.*0 

The  fluorine  bridges  which  couple  the  BrF,+  and 
SbjFn"  ions  are  formed  by  cis  fluorine  atoms  F(4),  F(5), 
and  F(12).  Neglecting  the  differences  in  bond  dis- 
tances described  above,  the  cis-fluorine-bridged  chain 
structure  of  [BrF«  + )[SbjFn"]  crystals  resembles  that 
proposed1*  31  for  liquid  SbFi  and  for  (Sb.F»«fl-]  ions 
in  solutions.  The  nature  oi  the  fluorine  bridges  in  the 
[BrF«+  J [SbjFn"]  crystals  appears  to  be  very  similar  to 
that  described  for  [BrFj+j[SbF«~]  crystals,  which  were 
found  to  consist  of  infinite  chains  of  discrete  BrFj+  and 
SbF,"  ions  coupled  by  weak  cis  fluorine  bridges.1  In 
[BrF,  + ][SbjFti" j the  Br— F-Sb  and  Sb— F-Sb  bond 
angles  are  considerably  nearer  180°  than  are  the  anal- 
ogous bridge  bond  angles  in  (BrF,+  ][SbF,~)  and 

(ID)  J.  Picon,  P.  A.  W.  Dean.  and  R.  J.  GiUtapie,  Can.  J.  Oum.,  At, 
3413 

(30)  W.  E.  Tolbert.  R.  T.  Hawick,  R.  S.  Striagkata,  and  M.  B.  Hill, 
Inert.  Chtm.,  A,  PM  (I»«7). 

(21)  C.  J.  HoUtnaa,  B.  K.  Holder,  and  W.  L.  Jolly,  S.  Phyi  Ckrm.,  U, 
364  USAS). 
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[XeF+HSbfF,,-].  In  (BrF«+][Sb,F„-]  the  atoms  Br, 
Sb(I),  Sb(2).  F(l),  F(2).  F(4),  F(6),  F(7),  F(8),  F(9), 
F(12),  and  F(15)  are  all  within  0.3  A of  being  coptanar; 
their  common  plane  is  very  nearly  parallel  to  the  201 
planes.  This  near  coplanarity  extends  the  whole 
length  of  any  given  chain.  The  planes  of  adjacent 
chains  (see  Figure  2)  are  parallel  but  are  spaced  c/2  or 
c apart  along  the  c direction.  The  closest  approaches 
of  fluorine  atoms  bonded  to  different  bromine  and  anti' 
mony  atoms  within  the  chains  are  3.03,  3 24,  and  3.47 
A,  all  of  which  are  substantially  greater  than  twice  the 
van  der  Waals  radius  of  fluorine. 

The  chains  are  approximately  close  packed.  There 
is  no  bridging  between  chains.  The  minimum  inter- 
chain F — F separation  is  2.72  A,  which  is  approximately 


twice  the  van  der  Waals  radius  of  fluorine.  The  min- 
imum interchain  Br— F and  Sb— F distance  is  3.56  A, 
which  is  approximately  the  value  expected  for  the  sums 
of  the  van  der  Waals  radii  of  the  atom  pairs. 

In  summary,  this  is  the  first  direct  evidence  for  the 
existence  of  the  BrF<+  cation.  Although  the  present 
experimental  data  do  not  allow  very  precise  determina- 
tions of  bond  lengths  and  singles,  valuable  information 
about  the  structure  of  this  interesting  adduct  was  ob- 
tained. 

Aclmo  ,/ledgments.— We  thank  S.  Geller  for  helpful 
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Selenium  Pentafluoride  Chloride,  SeF4Cl.  Vibrational  Spectrum, 

Force  Constants,  and  Thermodynamic  Properties 
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The  infrared  spectrum  of  gaseous  and  the  Raman  spectrum  of  liquid  SeF, Cl  are  reported.  The  observed  spectrum  is  con- 
sistent with  symmetry  C,».  The  structure  of  SeF, Cl  can  be  derived  from  an  octahedron  with  one  chlorine  and  five  fluorine 
atoms  occupying  the  six  corners.  A modified  valence  force  field  and  thermodynamic  properties  in  the  range  0-2000°K  were 
computed  for  SeF, Cl. 


Introduction 

The  existence  of  the  novel  selenium  fluoride  chloride, 
SeF»Cl,  has  recently  been  discovered.1  In  this  paper, 
we  wish  to  report  its  vibrational  spectrum,  force  con- 
stants, and  thermodynamic  properties. 

Experimental  Section 

The  preparation,  purification,  physical  properties,  and  han- 
dling of  SeF, Cl  are  described  elsewhere.1  The  infrared  spectra 
were  recorded  on  a Perkin-Elmer  Model  457  spectrophotometer 
in  the  range  of  4000-260  cm-1.  The  instrument  was  calibrated 
by  comparison  with  standard  calibration  points.1  Stainless 
steel  cells  of  6-  or  10-cm  path  length  fitted  with  AgCl  or  AgBr 
windows  were  "*ed  as  sample  containers.  The  Raman  spectrum 
of  liquid  SeFtCl  was  recorded  using  a Coherent  Radiation  labora- 
tories Model  52  Ar  laser  as  a source  of  1 .3  W of  exciting  light  at 
5145  A.  The  scattered  light  was  analyzed  with  a Spex  Model 
1400  double  monochromator,  a photomultiplier  cooled  to  ~ — 26°, 
and  a dc  ammeter.  Polarization  measurements  were  carried  out 
using  a Model  310  polarization  rotator  from  Spectra-Physics. 
Clear  Kel-F  tubes  (~  2-mm  i.d.)  were  used  as  sample  containers 
in  the  transverse  viewing-transverse  excitation  technique. 

Results  and  Discussion 

Vibrational  Spectrum. — Figures  1 and  2 show  the  in- 
frared spectrum  of  gaseous  SeF, Cl  and  the  Raman 
spectrum  of  liquid  SeFjCl,  respectively.  The  ob- 
served frequencies  are  listed  in  Table  I. 

Since  SeFiCl  can  be  considered  as  a monosubstituted 
derivative  of  octahedral  SeF»,  it  should  belong  to  point 
group  Ci,.  The  11  normal  modes  of  SeFiCl  of  sym- 
metry Ci,  can  be  classified  as  4 ai  + 2 bi  + bj  4-  4 e. 

(!)  C.  J.  Schmck . K.  D.  Wllaon,  and  I.  F.  Hon,  Inert.  Cktm.,  U,  208 
(1072). 

(2)  K.  K.  Plylcr,  A.  Danti,  L.  R.  Blaine,  end  H I).  Tidwell,  J.  f.ts.  Net. 
Bur.  Stand  . M,  841  (1060). 


Of  these,  all  1 1 modes  will  be  Raman  active,  whereas 
only  the  ai  and  e modes  will  be  infrared  active.  Of  the 
Raman  lines,  the  four  aj  modes  should  be  polarized,  the 
rest  being  depolarized.  The  assignment  of  the  ob- 
served bands  to  individual  modes  (Table  I)  is  based  on 
the  following  arguments.  There  are  four  clearly  po- 
larized Raman  lines  at  721,  656,  443,  and  385  cm-1. 
As  predicted  by  theory,  these  have  counterparts  in  the 
infrared  spectrum.  Hence,  these  four  bands  must  be- 
long to  species  at.  The  two  higher  frequency  lines  are 
within  the  range  expected  for  stretching  modes  of 
mainly  covalent  Se-F  bonds.  They  are  assigned,  re- 
spectively, to  the  SeF  and  the  symmetric  SeF,  stretch- 
ing vibrations  on  the  basis  of  their  relative  Ramau  in- 
tensities. * Similarly,  the  SeCl  stretching  mode  should 
be  of  higher  Raman  intensity  than  the  SeF,  umbrella 
deformation.*  Therefore,  the  443 -cm-1  band  is  as- 
signed to  the  SeF,  deformation.  This  assignment  is 
further  supported  by  the  fact  that  in  the  infrared  spec- 
tra of  both  SeF,(OF)s  and  SeFiOF4  very  strong  infrared 
bands  were  observed  at  about  430  cm-1 

Of  the  remaining  six  depolarized  Raman  bands,  the 
745-,  424-,  and  336-cm-1  lines  have  counterparts  in  the 
infrared  region  and,  consequently,  belong  to  species  e. 
The  very  intense  infrared  band  at  745  enr1  obviously 
represents  the  antisymmetric  SeF,  stretching  vibration. 
For  SeF,(OF)i  and  SeF4OF,  this  mode  was  observed4  at 
743  and  750  cm-1  respectively.  By  analogy  with  the 
known  spectrum'  of  the  SF4C1  molecule,  one  might 

(3)  J.  E.  Griffiths,  St'ctrockim.  Act*,  Pvt  A,  U,  3144  (1967). 

(4)  J.  E.  Smith  and  G.  H.  Cady,  Inert.  Cktm.,  t,  1293  (1970). 

(3)  L.  H.  Croat.  H.  L.  Roberta,  P.  Gocfia,  aad  L.  A.  Woodward,  Trent. 
Faraday  Sac.,  M,  94S  (I960). 
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Table  I 


Vibrational  Spectrum  of  SeFiC! 


Ob  id  fr*q,  cm  “*■ 


Infrared,  gas 

1449  vw 

1380  w 

805  vw 

821  w 

Rsmsn,  liquid 

745  vvs 

74'  (0.3)  dp 

729  ms,  sh 

721  (1  8)  p 

064  w 

056  (10)  p 

587  vw 

529  w 

408  w,  sli 

036  (0.6)  dp 

440  vs 

443  (2.2)  p 

421  s 

424  (0.4)  dp 

384  r.iw 

3:'5  (8.5)  p 

380  dp 

334  m 

336  (1.2)  dp 
213  (1.4)  dp 

Alignment  for  point 
g.-oup  r4r 

2 m >■  1*42  (Ai ) 
vt,  + rK  * 1381  (E) 
M + - Ml  (E) 

k3  + n - 824  (A,) 
►«(e) 
h(Ri) 

Fifai) 
p»(t)i ) 

*>  + *n  - 593  (K) 


fi(bi) 

Pa(e) 

n(a,)  Cl* 
vi(b,)  + »4(a,)  Cl" 

Fia(<‘) 

»u(c) 


ysoo  3000  2900  2000  woo  woo 

Figure  1.  Infrared  spectrum  of  gaseous  SeKCl  at  434-  (A),  40 
(B),  10  (C),  2 (D),  and  1.5  inni  (E)  pressure  in  a 10-cm  cell; 

window  material  AgBr. 


WAVENUMBER 


Figure  2 — Raman  spectrum  of  liquid  SeI'\CI : traces  A,  B,  and 

D,  incident  polarization  perpendicular;  traces  C and  E,  incident 
polarization  parallel.  Traces  A and  B were  recorded  at  different 
recorder  voltages;  traces  D and  E,  under  higher  resolution. 
Experimental  conditions  were  identical  for  A i\nd  C and  for  D and 

E,  except  for  change  of  direction  of  polarization.  F indicates 
spectral  slit  width. 


expect  the  F-SeF4  wagging  to  have  the  highest  and  the 
ClScF<  wagging  mode  to  have  the  lowest  f requency  of 
the  three  remaining  e modes,  with  the  antisymmetric 
in-pla  t SeF«  deformation  being  intermediate.  Con- 


sequently, the  bands  at  424  and  336  cm"1  are  assigned 
to  the  F-Se-F4  wagging  and  the  antisymmetric  in  plane 
SeF4  deformation  modes,  respectively.  Since  the  in- 
frared spectrum  was  not  recorded  below  250  cm-1,  it  is 
not  known  if  the  213-em-'  Raman  band  has  indeed  a 
counterpart  in  the  infrared  spectrum.  However,  the 
assignment  of  the  213-cm-1  Raman  line  to  the  fourth  e 
mode,  the  Cl-SeF4  wagging  mode,  appears  very  plaus- 
ible for  the  following  reasons.  The  SeCl  stretching 
mode,  p4,  occurs  at  a frequency(385  cm-1)  considerably 
lower  than  those  of  the  three  SeF<  stretching  modes. 
Hence,  the  Cl-SeF4  deformation  frequency  should  be 
lower  than  300  cm-1  and  must  be  assigned  to  213  and 
not  to  380  cm-1,  ie  only  remaining  alternative. 


Table  II 

Fundamental  Frequencies  of  ScF4C1  and  SF»Cl* 


SFiCI 

s*f4ci 

ai  m p(XF') 

866 

729 

*1  P.ym(XF4) 

707 

654 

fj  <.ym(XF4)  out  of  plane 

602 

440 

*4  r(XCl) 

402 

384 

bi  »4  y,y,„(XF<)  out  of  phase 

025 

636 

»4  WXF,)  out  of  plane 

hi*:  4tym(XF<)  in  plane 

505 

380 

e »»  e„(XF|) 

909 

746 

».  «(FXF4) 

579 

421 

fi.  i,.(XFj)  in  plane 

441 

334 

»(C1XF4) 

287 

213 

• Frequency  values  taken  from  ref  3. 


For  tne  assignment  of  the  remaining  three  (2  bi  and 
bj)  modes,  we  are  left  with  only  two  Raman  lines.  The 
unobserved  Raman  line  is  assumed  to  be  the  antisym- 
metric out-of-plane  SeF4  deformation  mode,  f«.  The 
fact  that  this  mode  has  not  been  observed  is  not  sur- 
prising. For  the  structurally  similar  halogen  penta- 
fluorides  (C1F,,  BrFs,  and  IFt)  and  for  SFt-  and  TeF*-,* 
all  belonging  to  point  group  C4„  this  mode  was  not  ob- 
served. Of  the  two  available  Raman  lines  (636  and 
380  cm-1),  the  higher  frequency  value  obviously  be- 
longs to  the  symmetric  out-of-phase  SeF4  stretching 
mode,  leaving  the  380-cm  ~ 1 band  to  be  assigned  to  the 
SeF4  scissoring  inode. 

In  the  infrared  spectrum  of  the  gas,  several  bands  of 
very  low  relative  intensity  were  observed  which  cannot 
be  attributed  to  fundamental  vibrations.  Most  of 
them  can  satisfactorily  be  assigned  to  overtones  and 
combination  bands  (see  Table  1). 

The  above  given  assignments  rest  mainly  on  the 
Raman  line  ;,  the  polarization  measurements,  relative 
intensities,  and  the  presence  or  absence  of  counterparts 
in  the  infrared  spectrum.  It  appears  interesting  to  ex- 
amine to  what  extent  the  infrared  band  contours  agree 
with  theoretical  predictions.  It  should  be  kept  in  mind, 
however,  that  band  contours  are  sometimes  subject  to 
unpredictable  changes  and,  hence,  do  not  always  agree 
with  the  predictions.  Ideally,  the  at  modes  should 
show  PQR  structure  as  expected  for  parallel  bands  of  a 
symmetric-top  molecule  with  IK  and  7n  being  similar  to 
Io-  Indeed,  f»  and  v4  show  the  expected  band  shape. 
The  band  shape  of  is  not  clear-cut ; however,  its  band 
shape  may  have  been  influenced  by  Coriolis  interaction 
with  F«(e),  which  occurs  at  almost  the  same  frequency. 
The  band  contour  of  does  not  show  a sharp  PQR 
structure.  This  was  also  the  case  for  m of  SF»C1.*'* 

(•)  K O.  Christ*.  ti  C Curtis.  C.  J.  Schsck,  sad  !>.  Filipovkh,  inert. 
Cksm.,  in  pest*. 
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The  band  contour  of  *,(e)  agrees  with  that  expected  for 
a perpendicular  band,  but  that  of  vio  closely  resembles 
thrt  of  the  parallel  bands.  It  is  interesting  to  note  that 
*to(e)  of  SFiCl1  and  the  corresponding  F,(e)  mode  of 
ClFi7  also  showed  a PQR  structure  different  from  those 
of  the  remaining  perpendicular  bands  in  species  e. 
The  fact  that  the  band  contour  of  the  lowest  perpendic- 
ular band  resembles  those  of  the  parallel  bands  has  been 
observed  for  a number  of  symmetric-top  molecules  and 
can  be  attributed  to  first-order  Coriolis  perturbations. " 
In  summary,  the  band  contours  of  SeF.-.Cl  agree  well 
with  those1  observed  for  SFiCl,  even  though  differing 
somewhat  from  those  predicted  on  the  basis  of  the 
rigid-rotor,  harmonic -oscillator  approximation. 

Comparison  between  the  vibrational  spectra  of 
SFiCl1-6  and  SeF6Cl  shows  good  agreement.  However, 
the  SeFjCl  data  and  results  from  force  constant  calcu- 
lations* indicate  that  for  SFiCl,  the  original  assignment 
of  the  S~C1  wagging  mode,  m(e),  to  the  2K7-cni~*  band 
by  Cross,  el  al.*  should  be  retained.  The  revision  of 
this  assignment  by  Griffiths1  was  based  on  the  fact  that 
he  observed  an  infrared  counterpart  for  the  390-cni-1 
Raman  band.  The  latter,  however,  might  equally  well 
be  interpreted  as  the  "Cl  isotoi>e  band  of  the  S-Cl 
stretching  mode,  at  4(12  cm  ',  the  splitting  and  rela- 
tive intensity  being  in  good  agreement  with  predictions. 
Furthermore,  the  infrared  spectrum  of  SFjCl  showed1 
a broad  band  at  about  28(1  cm'1  which  might  represent 
the  counterpart  to  the  Raman  band  at  271  cm-1. 
Hence,  the  original  assignment6  for  vn  does  not  violate 
the  selection  rules  and  results  in  a more  reasonable  fre- 
quency value.  The  high  relative  intensity  of  the  39(>- 
cm'1  band  in  the  Raman  spectrum  of  SF5CI  and  its  in- 
frared activity  also  argue  against  its  proposed  assign- 
ment6 to  m since  for  all  the  remaining  related  molecules, 
it  either  has  not  been  observed  or  has  been  of  very  low 
intensity.  Consequently,  we  propose  that  for  SFiCl, 
m either  has  not  been  observed  or  is  hidden  underneath 
the  intense  >>4  band.  In  summary,  the  vibrational 
spectrum  of  SeFjCl  is  consistent  with  symmetry  (/, 
Ten  out  of  eleven  fundamentals  were  observed  and  as- 
signed in  agreement  with  the  selection  rules  for  C\r 

Force  Constants.  ■ A normal-coordinate  unalysis  was 
carried  out  to  aid  the  spectral  assignment  The 
kinetic  and  potential  energy  metrics  were  computed 
by  a machine  method,"  assuming  the  following  ge- 
ometry and  coordinate  definitions.  Rw  = l.US  A, 
At«C!  “ 2.14  A,  r^-  - l.GX  A,  a = ZFSeF  - 90°,  0 = 
ZF'SeF  » 90°,  and  6 = ZCISeF  «=  90°,  where  F' 
refers  to  the  axial  (unique)  fluorine  ligand.  The  defor- 
mation coordinates  were  weighted  by  unit  (1  A)  dis- 
tance. The  bond  lengths  were  estimated  using  the 
Schomaker-Stevenson  rule  10 

The  force  constants  were  calculated  by  trial  and  er- 
ror with  the  aid  of  a time-sharing  computer  to  get  exact 
agreement  between  the  observed  and  computed  fre- 
quencies using  the  simplest  possible  modified  valence 
force  field.  Unique  force  constants  could  not  be  com- 
puted since  the  general  valence  field  has  38  constants 
and  there  are  only  ten  observed  frequencies.  How- 

(7)  G.  M.  Begun.  W H Fletcher,  end  1>  F Smith,  J Cktm  Phys.,  U, 
2 230  (IMS). 

(I)  K.  1C.  Moynikaa,  Ph.l>  OUarrtatioe,  Purdut  Univviuty.  Itlrtl, 
Uaiverdty  Microfilms,  Ana  Arboi.  Mich  . Publication  VMI 

(tt)  K.  C.  Curtiv,  Huckvfdync  Report  k 0764.  Oct  1966. 

(10)  L-  Pauling,  "Nature  of  the  Chemical  Bond,"  3rd  ad.  Cornell  Univer- 
sity PrtM,  Ithaca.  N.  Y..  i960,  p 22V 


ever,  numerical  experiments  showed  that  some  of  the 
principal  force  constants  are  quite  independent  of  the 
chosen  interaction  constants  and,  hence,  should  ap- 
proach those  of  a genera!  valence  force  field.  The  com- 
puted values  are /»  = 4.42, /D  =«  2.75, /r  = 4.31,  f„  — 

0. 07,  and  /„-  = 0.35  mdyn/A;  /„  **  1.2(1,  fg  «=  1.92, 
/,  = 1.1(1,  fug'  = 0.30,  and  /w<  — 0.18  mdyn/A  radian*; 
and  /;„  = 0.28  mdyn/A  radian.  The  two  interactions 
Jm  and  /„•  were  determined  from  only  one  symmetry 
force  constant  value  making  the  assumption  JwlJw m 

MU 

The  values  of  the  stretching  force  constants  /*  and 
f,  of  SeFuCl  are  not  significantly  different  indicating 
similar  bonding  for  both  the  axial  and  the  equatorial 
fluorine  ligands.  Furthermore,  their  magnitude  (4.3- 
4.4  mdyn/A)  approximates  those  obtained  for  other 
mainly  covalent,  hexavalent  selenium  compounds  such 
as  SeF,  (5.01  mdyn/A), 11  SeOjFi  (4.44  mdyn/A),11  or 
ScOgF-  (4.23  mdyn/A)IJ  with  bond  orders11-14 close  to 

1 . The  slight  decrease  of  the  stretching  force  constant 
values  from  SeF«"  toward  SeFiCI  parallels  that  found 
for  the  analogous  pair  SF,16  and  SFgCl11  (see  Table  III). 

Table  111 

Stretching  Force  Constants  (in  mdvn  'A)  of 
SeF,  and  SeFjCl  Comi-akri)  to  those  of  SF«  and  SF,CI 


SFi-  SF.CI6 

S«F.‘ 

SeFiCI 

k 4 83 

4 42 

5.2(1 

6.01 

/,  4 62 

4.31 

4 Reference  15.  h Reference  12. 

r Keferenee  1 1 . 

It  can  be  explained  by  the  substitution  of  one  fluorine 
atom  in  XF«  by  a less  electronegative  ligand,  such  as  Cl. 
This  causes  an  increased  polarity  (S‘+~F*  ‘ ) of  the  re- 
maining SF  bonds.  Since  stretching  force  constants 
reflect  only  the  contributions  from  covalent  bond- 
ing,1114 their  value  should  correspondingly  decrease. 
The  interaction  constants  are  in  accord  with  our  ex- 
perience with  similar  molecules.*  The  value  given  for 
/,>,  was  determined  from  — Jim)  0-4,  which 

was  required  to  fit  vt  and  vt.  This  is  not  too  surprising 
considering  the  mixing  of  the  two  modes  (see  Table  IV). 


Table  IV 


Potential 

Fnercv  Distribution  for  ScF,C1* 

9| 

*1 

721) 

0 88/* 

n 

(154 

o.oo/. 

*1 

4140 

0 41/;,  + 0.3d fe  + 0 21/,  4-  0.11/* 

n 

384 

0 58/»  + 0.16/tf  + 0.15/1 

bi 

(130 

0.05/, 

(330) 

0 54/fl  + 0 33/, 

b. 

*7 

380 

1.10/,  - 0.10/..- 

e 

746 

1 .00/, 

*% 

421 

1 (H/ff  - 0.1ft /ft' 

334 

o 70/. 

*11 

213 

1 02/,  - 0 1% 

• Contributions  of  less  than  0.10  are  not  listed. 


No  evidence  was  found  for  the  similar  terms  /«,  f,t, 
and/,,  being  nonzero,  although  this  cannot  be  ruled  out 
and  might  be  exjiected  from  our  experience  with  similar 
molecules11  or  from  orbital  following  arguments. 

(11)  S.  Aotanmwiu  and  I W.  l^vin,  /no,,-  Ck/m  . f A3I  (1007).  | j 

(12)  W flaw.nlny.  llubilltattunaachilfl.  Univctitty  of  Stuttga/t,  Stutt*art, 

('•finaay.  (000. 

1 1:1)  It.  Sic  bail.  / 4>C>|.  Ally  Ckrm.t T».  170  (106:1).  I , 

III)  J.  Goubcau.  Auyrw.  (Ire.,  TO,  SOA  (1000).  I , 

(16)  A.  kuuft,  J Ual  Strurl  , 4,  322  (11(00).  1 - 
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Table  V 


Computed  Thermodynamic  Prophetic*  or  SeF»Cl* 


r,  *x 

<v 

a*  - 

— if*  - wm/t 

i* 

0 

0 

0 

0 

0 

100 

12  036 

0.805 

51  149 

60  103 

200 

21  720 

2.004 

58.534 

71.554 

208. IS 

27.800 

5.062 

64.404 

81.472 

800 

27.885 

5 113 

64.600 

81  644 

400 

31  338 

8.091 

69.959 

90.186 

500 

33  331 

11  333 

74  746 

97  412 

600 

34.548 

14  732 

79  053 

103.605 

700 

35  336 

18.228 

82  954 

108.994 

800 

35.870 

21.790 

86  512 

113.750 

000 

36.248 

25.397 

89  778 

117.998 

1000 

36.524 

29.037 

92 . 795 

121.832 

1100 

36  731 

32.700 

95  596 

125  323 

1200 

36.891 

36  381 

98  208 

128  526 

1300 

37.010 

40.077 

100  656 

131  484 

1400 

37  116 

43.784 

102  957 

134  231 

1500 

37  197 

47.499 

105  128 

136  795 

1000 

37  204 

51  223 

107  183 

139  198 

1700 

37.320 

54  952 

109  134 

141  458 

1800 

37  307 

58  686 

110  989 

143  593 

1000 

37  406 

62  426 

112  75© 

146  014 

2000 

37  440 

66  167 

114  450 

147.534 

* Units  for  Cr°,  S°,  and  F*  are  calories,  moles,  and  degrees 
Kelvin:  for  H°  units  are  kilocalories  and  moles. 


Coriolis  coupling  coefficients  were  computed  for 
SeFiCl  in  the  belief  that  the  e-block  band  contours 
could  support  the  assignment.  The  computed  values 
using  the  above  given  force  constants  were  - 0.5, 
it  — 0.5,  ho  - -0.4,  andf»  - 0.7.  However,  the  values 
of  the  moments  of  inertia  are  such  that  these  values  for 


l 

a 


i 


I do  not  result  in  very  distinctive  band  shapes."  The 
band  shapes  are  further  complicated  by  the  natural 
chlorine  and  selenium  isotopes  and  by  hot  bands.  Al- 
though the  observed  band  shapes  are  not  inconsistent 
with  those  predicted,  the  coutours  could  not  be  used  to 
verify  the  computed  f’s. 

The  potential  energy  distribution  was  computed 
using  the  above  force  constants  and  is  shown  in  Table 
IV.  The  assignment  listed  in  Table  I is  supported  by 
these  values.  The  mixing  of  and  is  large,  so  that, 
strictly,  one  is  not  a stretching  and  one  a deformational 
mode,  but  rather  a symmetric  and  antisymmetric  com- 
bination of  the  two  motions. 

Thermodynamic  Properties. — The  thermodynamic 
properties  were  computed  for  this  molecule  using 
the  rigid-rotor,  harmonic-oscillator '•  approximation. 
The  results  are  given  in  Table  V.  The  frequen- 
cies used  were  those  of  Table  II,  assuming  a com- 
puted value  of  336  cm-1  for  »>».  The  moments  of 
inertia  used  were  Ix  =»  I,  * 312  and  I,  — 214  amu  A* 
computed  from  the  geometry  assumed  above,  with  a 
symmetry  factor  of  4. 
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Chlorine  triiluoride  oxide,  C1F,0,  has  been  prepared  by  either  direct  fluorine ti on  of  CltO,  NaClOi,  or  C10NO«,  or  by  glow 
discharge  of  Fi  in  the  presence  of  solid  0(0.  A number  of  physical  properties  are  reported  as  well  as  the  ,BF  nor  spectrum 
and  the  mass  cracking  pattern. 


Introduction 

Chlorine  trifluoride  oxide,  ClFiO,  was  prepared  and 
characterized  at  Rocketdyne  in  1965.'  However,  these 
results  were  not  reported  in  the  open  literature.  Re- 
cently, Bougon,  Isabey,  and  Plurien  have  independently 
discovered*  C1F»0.  In  this  paper,  we  report  several 
synthetic  routes  and  some  physical  and  spectroscopic 
properties  for  C1F>0. 

(1)  D.  ruipovkfc  U4  K I>.  WUaoa,  U.  S.  Paint,  to  b*  laaid,  5971, 

(f)  M.  Boegoa.  }.  laabty,  tad  P.  Plurin.  C.  X.  Aeei.  Sot.,  See.  C.  ST1. 
ISM  (1970). 


Experimantal  Section 

Matariala  and  Apparatus. — Chlorine  nitrate,  QONOt,  was 
prepared  by  the  method  of  Schack.'  Dichlorine  oxide,  CltO,  was 
generated  as  required  from  a Clt-HgO  mixture  aa  reported*  by 
Scliack  and  Lindalil.  Mercuric  oxide  was  prepared  by  the 
method  of  Cady.*  Sodium  chlorite  was  purchased  from  Math*- 
son  Coleman  and  Bell.  Alkali  metal  fluorides  were  obtained 
from  American  Potash  and  Chemical  Co.  Prior  to  their  use,  they 

(3)  C.  J.  Muck,  l nor,.  Ckrm..  «,  193*  (1907). 

(4)  C.  J.  Schack  tad  C.  B.  Liadahl,  Inert-  Rml.  Ckrm.  Lett.,  (.  1*7 
(1967). 

(3)  G.  H.  Cady.  Inert.  Syn.,  I,  IM  (1M7). 
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were  fused,  allowed  to  cool  in  the  glove  box,  and  subsequently 
ground.'  Fluorine  of  99  + % purity  was  produced  at  Rocket- 
dyne.  Metnl  icactors  were  either  Monel  or  304  stainless  steel 
Hoke  cylinders  equipped  with  high-pressure  Hoke  Y3002H 
needle  valves.  All  manipulations  were  carried  out  either  in  well- 
passivatej  (with  CIF,)  metal-Teflon  F'EP  vacuum  systems  or  in 
the  dry  nitrogen  atmosphere  of  a glove  box,  except  for  the  glow 
discharge  reaction  which  was  run  in  a I’yrex  glass  vessel  with 
copper  electrodes . 

Infrared  spectra  were  taken  on  a Beckman  IK7  fitted  with  Csl 
and  NaCl  interchange  and  a I'erkin-Klmer  Model  337  grating 
spectrophotometer.  The  infrared  cell  used  was  constructed  of 
nickel  and  fitted  with  AgCl  windows  or  Csl  windows  protected 
by  Teflon  FEI*  film.  The  "F  timr  spectra  were  recorded  using  a 
Yarian  high-resolution  nmr  spectrometer  operating  at  56.4  Me. 
The  samples  were  sealed  in  Teflon  FEI’  tubes.  Mass  spectra 
were  obtained  with  a CEC  Model  -1-103  C mass  spectrometer 
using  an  ionizing  voltage  of  70  eY  and  a high-range  magnet 
current  of  O.tlf)  in  A, 

Fluorination  of  Dichlorice  Oxide. — Caution!  Owing  to  the 
shock  sensitivity  of  chlorine  oxides,  proper  precautions  (,.<•., 
shielding,  etc.)  must  be  taken.  One  explosion  was  encountered 
in  the  course  of  this  work  during  the  purification  of  about  5 g of 
C1.0, 

In  a typical  experiment,  powdered  CsF  was  loaded  into  a passi- 
vated 300-iul  304  stainless  steel  cylinder  in  a glove  box.  The 
cylinder  was  then  attached  to  a vacuum  line,  and  after  evacua- 
tion -’40  cm’  (11  mmol)  of  CliO  was  condensed  into  the  cylinder 
at  —196°.  The  cylinder  was  warmed  to  —78°  to  permit  the 
CbO  to  liquefy  and  contact  the  CsF'.  After  rerouting  to  —111(1°, 
2 I.  of  IT  was  added  and  the  cylinder  was  then  maintained  at 

— 78°  for  (!  days.  The  uurcacted  Fj  was  removed  by  pumping  at 

— 190°.  The  cylinder  contents  was  then  warmed  to  ambient 
temperature  ami  fractionated  through  tra|  maintained  at  —95 
and  —19(1°.  The  chlorine  trifluoride  oxide  (8.9  mmol)  was 
trapped  at  —95°  and  corresponded  to  a yield  of  75  mol  %/mol  of 
CliO  used.  The  -196°  trap  contained  ClFj,  C1F,  and  some 
CIO,!'. 

Fluorination  of  CbO  Absorbed  on  Mercuric  Salts.— Yellow 
HgO  and  Cl,  were  allowed  to  interact  at  —80°  for  -4  hr  in  a 304 
stainless  steel  cylinder.  Fluorine  was  added  at  —19(1°  and  the 
reaction  was  allowed  to  proceed  for  several  days  at  -80°.  The 
reaction  products  were  separated  by  fractional  condensation  and 
consisted  of  mostly  CtF,  and  C10,F.  In  addition,  CIF:.  and 
ClFiO  were  obtained  in  low  yields. 

Glow-Diacharge  Fluorination  of  Solid  C1,0  — Dichlorine  oxide 
was  deposited  at  —19(1°  as  a solid  on  (he  wulls  of  a l’-sha)>ed 
l’yrex  glass  discharge  vessel.  During  discharge,  gaseous  fluorine 
at  20  mm  pressure  was  circulated  over  the  solid  in  a closed-loop 
system.  After  consumption  of  5 mol  of  F,  mol  of 0,0,  the  un- 
reacted F,  was  removed  at  — 19(1°  and  the  products  were  separated 
by  fractional  condensation  in  u metal  Teflon  IT'.!'  vacuum  sys- 
tem. The  main  products  were  C1F-,  l —45  mol  ) and  C10,F\ 
In  addition,  the  products  contained  some  OF,  and  1 to  2%  of 
ClFjO. 

Fluorination  of  NaCIO,. — Sodium  chlorite  (33  mmol)  was 
placed  in  a 300-nil  304  stainless  steel  cylinder.  Fluorine  (45 
mmol)  was  added  at  — 196°.  The  mixture  was  allowed  to  warm 
to  —80°  and  was  kept  at  this  temperature  for  16  hr.  The  reac- 
tion products  consisted  of  mostly  ClOjF,  CIF,,  CUT  and  Cl,,  but 
contained  also  a small  amount  of  C1F'»0. 

Fluorination  of  Chlorine  Nitrate. — Chlorine  nitrate  (29.7 
mmol)  and  FT  ( 1 10  mmol)  were  condensed  into  a passivated  75-nd 
304  stainless  steel  cylinder  cooled  to  — 196°.  The  cylinder  was 
then  maintained  at  —35°,  resulting  ill  an  initial  pressure  of  480 
psi.  After  4 hr,  the  reactor  was  cooled  to  - 196°  and  the  non- 
condensables  were  removed.  The  products  were  separated  by 
fractional  condensation  using  cold  traps  at  —95,  —142,  and 

— 196°.  The  —95°  fraction  contained  19.3  mmol  of  ClFTO, 
representing  a 65';;  yield  based  on  CIONO,.  The  — 142°  fraction 
contained  CiO,F  and  Cl,  while  F’NO,  was  trapped  at  — 196°. 

Purification  of  C1F,0. — An  alternate  method  of  purifying 
ClFTO  may  be  used  when  significant  amounts  of  CIF,  are  present 
and  repeated  (ructionations  of  laiger  quantities  of  materials  are 

(ff)  We  arc  imlehlci  t<»  Mr.  M G Warner  of  our  laboratories  for  devising 
this  technique  of  preparing  active  alkali  metal  fluorides.  Tbs  method  pro 
duces  Halts  of  activity  comparable  to  the  precipitation  method  used  by 
C T Ratcliff?  and  J.  M Shreeve.  Ckem  ('ommu)i  , *174  (UMHi).  but  is  more 
convenient 
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not  practical.  Chlorine  trifluoride  oxide  contaminated  with  sub- 
stantial quantities  of  CUT  and  ClOiF  was  condensed  onto  KF 
(at  — 196° ) and  then  maintained  at  ambient  temperature  for  24 
hr.  The  cylinder  was  cooled  to  0°  and  the  C10,F,  which  does 
not  form  u stable  adduct  with  KF",  was  removed  by  pumping. 
Fure  ClFTO  was  removed  in  vacuo  at  50-70°,  while  CUT  remained 
complexed. 

Elemental  Analysis. — Chlorine  and  fluorine  were  determined 
by  poteiitiometric  titration  with  AgN’O,  solution  and  by  Th- 
(N’Oih-alizarin  titration,  respectively,  after  the  combustion  of  a 
sample  of  C1F,0  with  anhydrous  Nil,  in  a metal-Teflon  FE!> 
ampoule.  (Caution!) 

Oxygen  was  directly  determined  by  reaction  of  ClFTO  with 
NaCl  according  to 

3NaCl  + ClFTO ► 3NaF  + VsO,  + 2C1, 

The  technique  involved  condensing  a measured  quantity  of  Cl- 
lTO onto  reagent  grade  NaCl  contained  in  a passivated  cylinder. 
The  cylinder  was  then  heated  to  100°  to  ensure  complete  reac- 
tion. After  cooling  to  -190°,  the  noiicondetisables  were  mea- 
sured using  a Toepler  pump.  The  gas  was  identified  as  O,  by 
mass  spectrometry.  Anal.  Calcd  for  CllTO:  Cl,  32.7;  F, 
52.6;  O,  14.7.  Found:  Cl,  32.0;  F,  52.';  0,  13.1. 

Results  and  Discussion 

Synthesis.  - The  synthesis  of  ClFjO  is  teadily  carried 
out  through  the  fluorination  of  an  inorganic,  covalent 
hypochlorite.  Those  that  have  received  the  most 
attention  in  this  study  were  dichiorine  oxide,  CljO,  and 
chlorine  nitrate,  CIONO,.  The  fluorination  of  the 
dangerous7  C1,0  proceeds  according  to  the  following 
equations. 

2 FT  + CbO  — ► C1F.O  + CIF 
3 FT  + Cl,0  — ClFjO  + CIF, 

When  no  catalyst  is  used  or  if  KF  and  NaF  are  present 
as  catalysts,  Cll?  is  the  main  by-product.  When  the 
more  basic  alkali  metal  fluorides,  IlbF  and  CsF,  are 
used,  CIF,  is  the  favored  coproduct  The  formation  of 
CIF,  rather  than  CIF  is  presumably  associated  with 
the  more  ready  formation  of  OF,-  intermediates  with 
KbF  and  CsF.  A similar  catalytic  effect  has  been 
noted"  in  the  preparation  of  C1F&  from  CIF,  in  the 
presence  of  alkali  metal  fluorides. 

Yields  of  C1F,()  from  0,0  are  rather  variable  and 
may  be  affected  by  the  particular  alkali  fluoride 
present.  Yields  of  over  4(1%  have  been  consistently 
obtained  and  have  reached  over  H0%  using  either  NaF 
or  CsF.  Since  NaF  does  not  form*  an  adduct  with  Cl- 
F,().  stabilization  of  the  product  by  complex  formation 
does  not  seem  to  strongly  influence  the  C1F,0  yields. 

Owing  to  unpredictable  explosions  experienced7  with 
liquid  0,0,  attempts  were  made  to  circumvent  the 
CljO  isolation  step.  For  this  purpose,  the  crude  0,0, 
still  absorbed  on  the  mercuric  salts,  was  directly 
fluorinated.  Again,  C1F,0  was  formed,  but  its  yield 
was  too  low  to  make  this  synthetic  route  attractive. 

The  fluorination  of  solid  0,0  to  C1F,0  proceeded  at 
temperatures  as  low  as  — 19(1°  provided  the  fluorine 
was  suitably  activated  by  methods  such  as  glow  dis- 
charge. Unactivated  fluorine  does  not  interact  with 
0,0  at  — 190° , and  after  completion  of  the  discharge 
unreacted  F,  was  removed  at  —190°.  Consequently, 
the  observed  C1F,0  could  not  have  formed  by  fiuorina- 

(7)  Kxtrcine  caution  should  be  used  in  HindUsi  CltO-  We  have  found 
that  the  material  is  teadily  exploded  during  adiabatic  compression  in  U 
tube,  and  even  inexplicably  during  routine  handling. 

(8>  l>  PiHpnvich,  W.  Maya.  U A.  Lawton,  SI.  F.  Bauer.  |>.  F.  Sheehan, 
N N Oglmachi.  K I).  Wil**.  V C.  ('.underlay,  Jr.,  and  V.  (V  Bad  well. 
Inoru.  Chcm  . ft,  tUtS  (IM7). 

<t»)  K.  O Christ*.  C.  J Schack.  and  l>  Pilipovich,  ibid.,  U,  ’JttU  (IV72). 
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tion  of  C1»0  during  wann-up  of  the  reaction  products. 
The  relatively  low  yields  of  ClFjO  (1  to  2%)  could  be 
partially  due  to  the  high  reactivity  of  ClFiO  toward 
glass,  although  little  interaction  is  to  be  expected  at 
— 19(5°,  and  the  transfer  of  the  products  to  a metal 
system  was  done  rapidly  and  at  the  lowest  possible 
temperature. 

The  low-temperature  fluorinution  of  NaClOj  pro- 
duced ClFjO  in  low  yields.  However,  the  low  yields 
and  poor  reproducibility  make  this  route  unattractive. 

The  fluorination  of  chlorine  nitrate,  ClONOj,  pro- 
ceeds according  to 

2F,  + CIONO-  — ClFjO  + FNOj 

This  reaction  offers  the  most  convenient  route  to 
ClFjO  for  several  reasons:  (1)  less  fluorine  is  required 
than  in  the  fluorination  reactions  of  ChO  yielding  C1F3 
as  a coproduct,  (2)  the  great  difference  in  the  volatilities 
of  the  products  FNO;  and  ClFjO  (Al'i,,,  ~ 100°) 
j>ennits  an  easy  separation  by  fractional  condensation, 
and  (3)  chlorine  nitrate  can  be  made  more  conveniently 
and,  most  importantly,  does  not  appear  to  be  hazardous 
in  its  handling.  The  yields  of  ClFjO  using  CIONO,  as 
u starting  material  are  somewhat  higher  than  those 
from  ClaO. 

In  the  fluorination  of  both  CM)  and  CIONO-;,  side 
reactions  eom|X‘te  with  the  actual  fluorination  step. 
These  are  caused  by  the  thermal  decomposition  of  the 
starting  materials  due  to  inefficient  removal  of  the 
heat  of  reaction.  Hence,  the  rate  of  the  competing 
reactions  is  markedly  affected  by  the  reaction  tempera- 
ture. At  reaction  temperatures  near  or  above  ambient, 
the  decomposition  of  the  hy|K»chlorite  appears  to  be 
favored  and  little  or  no  Cll'jO  is  formed,  resulting  in 
rapid,  rather  uncontrolled  reactions.  Apparently, 
thermal  decomposition  preceding  the  fluorination  step 
yields  only  intermediates  incapable  of  producing  ClFjO. 
Thus,  in  order  to  maximize  the  desired  fluorination  re 
action,  long  reaction  times  at  low  tcmjK’ruture  ('/’<  0°) 
are  indicated. 

Properties.  -Pure  ClFjO  is  colorless  as  a gas  or  liquid 
and  white  in  the  solid  stute.  It  boils  at  29°  and  freezes 
at  —42°.  Va|>or  pressures  were  measured  over  the 
range  —2d  to  31°  and  the  data  were  fitted  to  the  equa- 
tion log  P. = X.433  — 1(1X0/ / ("K).  Measured  vajxir 

pressures  at  the  noted  teiii|K.-raturcs  are  [7‘  (°C),  P 
(mm) j:  -23.0,  54.5;  -12.4,  9X;  0,  2iHI;  5.9.  253; 
15.(1,  410;  21.0,  525,  25.0.  (Ido . and  d’.9,  X22.  The 
latent  heat  of  vaporization  is  7.7  keal/mol  and  the 
derived  Trouton  constant  is  25.4.  indicating  some  asso- 
ciation in  the  liquid  phase.  The  density  at  20°  of  1 X(15 
S/ml  is  similar  to  those  observed  for  ClFi10  and  C1F,.“ 
The  molecular  weight  was  determined  from  the  vapor 
density  and  found  to  be  10(5.0  (ealed  for  ClFjO,  1(1X  5). 
The  good  agreement  indicates  little  or  no  association 
in  the  gas  phase  at  the  pressures  used  (P  < 1 atm). 
A complete  elemental  analysis  was  carried  out  for 
ClFjO  and  confirms  its  com{x>siUon.  The  physical 
properties  reported  in  this  paper  agree  well  with  those 
reported*  by  fiougon,  el  <il. 

Chlorine  trifluoride  oxide  resembles  most  chlorine 
fluorides  in  its  corrosive  and  oxidizing  properties. 
However,  it  appears  to  be  somewhat  more  corrosive 
than  either  OF,  or  C1F,-,.  Care  must  be  taken  to  pas- 

(10)  A A.  bn.uk « uad  A.  } Kudgt,  J.  Cktm.  Soi..  2779  (IMS). 
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sivate  all  equipment  with  ClFj  (or  preferably  ClFjO) 
prior  to  manipulating  C1F»0.  Just  as  do  C1F,U  and 
C1F»,*  ClFjO  forms  ehloryl  fluoride  ujion  contact  with 
a number  of  hydroxylic  reagents.  The  gas  reacts 
rapidly  with  flamed-out  quartz  even  at  low  pressures. 

Mass  Spectrum. — A stable  mass  cracking  pattern  for 
ClFjO  has  been  obtained.  Observed  ions1*  (excluding 
m/e  due  to  *7C1  isotojjes)  were  [m/c,  ion,  abundance 
(%)]:  X9,  C1F/M,  X(i.(i;  70,  C1FO+,  100.0;  54,  C1F+, 
21.23;  51,  C10+,  14.7S;  35,  C1+,  29.35;  19,  F+,  27.29; 
and  1(5,  0+,  1319.  Several  features  of  the  mass  crack- 
ing pattern  are  noteworthy.  A comparison  with  the 
spectrum  of  IOFr„1J  for  example,  shows  that  IOFs  gives 
a significant  parent  peak  (32%)  while  ClFjO  has  no 
detectable  peak  at  the  same  ionizing  voltage.  Also  the 
ions  C1F20  + and  C1FO  1 have  a very  high  intensity 
which  precludes  an  extensive  thermal  rupture  of  the 
CIO  bond  prior  to  electron  bombardment. 

Infrared  Spectrum. — The  infrared  spectrum  of  ClFjO 
has  been  recorded  over  the  range  4000-240  cm-1, 
showing  the  following  absorptions  (cm-1,  intensity): 
1220,  s;  (57X,  vs;  007,  vs;  490,  ms  (broad);  413,  w; 
319,  m;  and  245,  mw.  A detailed  study  of  the  vibra- 
tional spectrum  of  the  gas  and  the  liquid  will  be  given  in 
a separate  paper.14 

‘“F  Nmr  Spectrum.  The  *"F  nuclear  magnetic 
resonance  spectrum  of  ClFjO  has  been  investigated  in 
both  the  liquid  and  gaseous  state.  A single  broad  line 
is  observed  for  the  neat  liquid  at  —2(52  ppm  relative  to 
the  externul  standard  CFC13.  Similarly,  only  a single 
line  ascribablc  to  ClFa()  lias  been  found  in  the  gas-phase 
spectrum  at  —327  ppm  relative  to  the  same  standard. 
This  significant  shift  to  a lower  field,  when  going  from 
the  liquid  to  the  gas,  lends  further  supjjorl  to  the  asso- 
ciation in  the  liquid  phase  derived  from  the  vapor 
pressure  measurement  and  the  Raman  spectrum  of  the 
liquid.14  Attempts  to  observe  a splitting  of  the  ‘"F 
resonance  line  by  cooling  of  either  neat  ClFjO  or  solu- 
tions in  OIF.*,  were  unsuccessful.  This  indicates  a 
rapid  exchange  in  the  liquid  phase  and  line  broadening 
in  the  liquid  and  gas  phase  due  to  interaction  with  the 
large  chlorine  quadruple  moment.  This  line  broaden- 
ing is  sufficient  to  obscure  any  information  concerning 
chemical  shift  differences  and  spin— spin  coupling  be- 
tween the  uouequivaleut  fluorines  even  in  the  gas  phase. 

Pyrolysis.  It  was  of  interest  to  determine  whether 
the  thermal  decomposition  of  CIFaO  would  result  in  the 
diminution  of  FJr  as  do  CIl7,14  and  C1F;,,16  or  Oj,  as  do 
IOF,17  and  FCKV  When  C1F,G  was  heated  to  2X0° 
in  Monel,  for  Hi  hr,  7(1'}),  of  the  ClFjO  was  decomposed 
to  ClFj  and  oxygen,  while  in  stainless  steel  decomposi- 
tion was  already  complete  at  2(X)°.  Under  dynamic 
conditions  at  T > 350°,  ClFjO  decomposed  again  ac- 
cording to 

CIFaO  C1F,  + 'AO, 

III)  R llougmi.  M Cm  lex.  a nd  J.  Aubert.  C.  R.  A aid.  .SV».,  Str.  C,  Mi, 
179  (19S7). 

(12)  Thi*  pattern  I*  voi  reeled  f„i  SI  Ft.  CIOiP,  Cl».  CIO...  COFt,  Q i.  and 
lit7,  all  oJ  which  were  Keneiatrd  through  reaction  with  the  inlet  My  at  tuft  of 
the  miM  ipectmmeter. 

113)  C.  J.  Scback.  I).  l’iti|Hivich,  S.  N.  Cube,  and  I).  1*  Sheehan,  J.  Phyt. 
Cktm  . Tft.  4697  (IIM18) 

(U)  K.  O Clnixle  and  iv  C CurlU.  Inott-  Cktm..  11,  2 196  ( 1972). 

(16)  II.  Schmitz  ac*d  H J Schumacher.  Z.  Nalutforstk.  A.  ft,  362  (1947). 

(16)  II.  F.  Bauei  and  I).  F.  Sheehan.  l*o*g  Cktm.,  6,  1730  (1907). 

(17)  C.  Jf.  Sc  hack  and  I).  Pilipovich,  unpublished  i eac.it  u,  (hi*  laboratory. 

(18)  H J.  Herat,  P,  J.  Ayroonluo,  and  H J.  Schumacher,  2.  Phyt.  Cktm. 
(prank/url  am  Main),  tft,  161  (1969) 
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and  not  to  the  unknown  chlorosyl  fluoride,  C1FO,  and 
Ft.  Its  thermal  stability  thus  appears  to  be  inter- 
mediate between  that  of  ClFj15  and  C1F6.‘*  The  re- 
action chemistry  of  C1F|0  will  be  described  in  a sepa- 
rate paper.1’ 

(IB)  C.  J.  ScaAck,  C.  B.  Uud*U,  D.  PlUpovich.  *nd  K.  O.  Chriitt, 
/Mrf.  Ckim.,  11,  2301  (1072). 
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Chlorine  Trifluoride  Oxide.  II.  Photochemical  Synthesis 
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Chlorine  trifluoride  oxide,  C1F|Q,  was  synthesized  from  several  gaseous  reaction  systems  using  uv  activation.  The  fluorina- 
tion  of  both  CICbF  and  ClOjF,  using  Cl  Ft  or  Ft  as  lluorinating  agents,  gave  excellent  yields  of  ClFjO.  In  addition,  the  direct 
photochemical  synthesis  of  C1F,0  from  the  elements  CL,  Fj,  and  Oi  was  successfully  achieved.  Other  systems  yielding 
C!F,0  were  ClF|-Oi  and  ClF-lFtO.  Attempts  were  unsuccessful  to  photochemieally  prepare  either  BrFtO  from  BrFt 
and  Ot  or  BrFj  from  BrFt  + F». 
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Introduction 

Halogen  fluorides  can  be  readily  synthesized  by  direct 
fluorination  of  the  cotrespottding  halogens  at  appro- 
priate  temperatures  and  pressures.1  Consequently, 
little  attention  has  been  devoted  to  their  photochemical 
synthesis.  When  the  novel  chlorine  oxyfluoride, 
ClFjO,  was  discovered1 *'1  in  15X15,  its  original  synthesis 
involved  handling  of  the  treacherous1  starting  material, 
CljO.  Therefore,  alternate  approaches,  such  as  photo- 
chemical reactions,  were  studied  which  might  yield 
ClFjO.  Of  initial  interest  to  us  was  the  use  of  uv  irradia- 
tion to  achieve  the  "deoxygenation”  of  either  002F  or 
ClOjF.  One  of  these,  ClOjF,  had  previously  been 
shown4  to  degrade  thermally  to  give  OF  and  O*.  A 
stepwise  deoxygenation  of  these  oxyfluorides  via  the 
intenuediute  (and  unknown)  chlorosyl  fluoride,  OOF, 
might  in  the  presence  of  Fa  yield  ClFjO.  In  addition, 
the  alternate  approach,  i.e.,  the  photochemical  addition 
of  oxygen  to  various  chlorine  fluorides,  was  investigated. 
Of  particular  interest  was  whether  OF»  could  combine 
with  oxygen  to  form  ClFjO  and  the  direct  synthesis  of 
ClFjO  from  the  elements,  Clj,  F*.  and  Oj.  After  the 
successful  completion  of  our  study,  Bougon,  Isabey,  and 
Plurien  inde]K*ndently  discovered4  the  formation  of 
ClFjO  when  exposing  a mixture  of  ClFi  and  OFj  to  uv 
irradiation.  In  this  paper,  we  report  the  results  of  our 
original  photochemical  studies. 

Experimental  Section 

Matarials  and  Apparatus. — Perchloryl  fluoride  was  purchased 
from  Pennsslt  Chemical  Co.  and  used  os  received  after  verifying 
its  purity  tlirough  its  infrared  spectrum  and  vapor  tension  at 
—80*.  Cldoryl  fluoride  was  synthesized  by  a modification  of 

(1)  L.  Stria  la  "llalufto  Cktariitry,"  V„l.  I,  V.  Gutwaaa,  Ed..  Academic 
Pram.  New  Vutk.  N.  V . 1987.  Chapter  3. 

(2)  It.  Pilipovtch  aad  R.  1).  WiUoa,  It.  S Patent,  to  be  iatuad,  1972. 

(2)  It.  Ptlipovick.  C.  B.  Uodahl.  C.  J Sc  back.  k.  It.  Wlisoa,  aad  K O. 
Christa,  hurt.  Ckrm.,  U,  2109  (1972) 

(4)  M,  J.  Herat.  1*.  J.  Aymooino.  aad  H.  J.  Schumacher.  Z.  Phut.  Cktm. 
(Frankfurt  am  id unt),  22,  181  (19.19). 

(4)  K.  Huu«oa.  J.  Isabey,  aad  P Plurien,  C.  K AcU.  Set..  Sn.  C,  1YI, 
139#  (1970). 


Woolf's  procedure*  and  involved  the  fluorination  of  NaClOj  with 
OF).  F'luorine  was  produced  at  Rocketdyne  and  Cli  and  ClFj 
were  obtained  from  the  Mathcson  Co.  The  ClF'i  was  purified  by 
complexion  with  KF,  removing  volatiles  at  ambient  temperature, 
and  subsequently  pumping  off  C1FT  at  temperatures  above  140*. 
Chlorine  pcntafluoride  was  prepared  according  to  the  method  of 
Pilipoviclt,  ft  at.,1  while  chlorine  monofluoride  was  synthesized 
from  ClF'j  and  C!|.*  Bromine  pentafluoride  (Matheson)  was 
treated  with  15  at  ambient  temperature  until  the  material  was 
colorless.  It  was  purified  by  fractional  condensation  through 
traps  kept  at  -04  and  —95*.  The  BrFi  was  retained  in  the 
— 5)5°  trap  ami  showed  no  detectable  impurities.  The  prepara- 
tion and  purification  of  1150*  and  ClFjO*  have  previously  been 
described . 

All  the  results  listed  in  this  paper  was  obtained  with  a Hanovia 
high-pressure  Ilg  lamp,  No.  079-A-36  (power  input  460  W).  The 
sjHMtral  energy  distribution  of  radiated  Hg  lilies  for  the  lamp  in- 
cludes (A,  W ):  2907,  4.3;  2052,  4.0;  2537  , 6.8;  2482,  2.3; 
2380,  2.3;  and  2224,  3.7,  according  to  the  manufacturer's 
specifications.  In  addition,  this  lump  emits  lines  of  shorter  wave- 
length down  to  about  1700  A (quartz  limit).  The  distance 
between  the  lamp  and  the  cell  window  was  about  2 in. 

The  photolyses  were  curried  out  in  a cell  consisting  of  a stainless 
steel  cylindrical  body  (3  in.  long,  3 in.  i.d.,  and  388  cm*  volume). 
One  end  o I the  cell  was  sealed  with  a welded  plate.  The  other 
cm!  was  a machined  flange  onto  which  a 4-in-  diameter  optical 
grade  sapphire  window  was  clamped.  A vacuum  seal  was 
obtained  by  using  Teflon  O-rings.  Provision  was  made  to  con- 
dense materials  into  the  cell  via  a stainless  steel  eoldfinger  (3  in. 
long,  */■  in.  o.d.)  appended  to  the  main  cell  body.  An  outlet 
was  provided  which  was  connected  to  a stainless  steel-Teflon 
FEP  vacuum  line  for  product  work-up.  Cooling  coils  were 
brazed  onto  the  outside  of  the  cell  body,  and  cold  methanol  was 
circulated  to  provide  the  cooling.  The  cell  wall  temperature  was 
automatically  controlled  to  within  3*  of  n preset  temperature 
over  the  range  —60°  to  ambient  temperature.  A removable 
metal  lamphousing  was  positioned  over  the  sapphire  window  and 
dry  Ni  was  passed  over  the  window  to  cool  the  window,  prevent 
condensation  prior  to  the  irradiation,  and  exclude  atmoapheric 
oxygen  which  might  act  as  a filter  for  short  wavelength  uv  radia- 
tion. 


(6)  A A.  Wuulf.  J Ckrm.  Sor..  4113  (1944). 

(7)  1)  Pitipovich,  W Mays.  K A.  Lawtou.  H V Hauer.  1>  F.  Skeekaa. 
K D.  WUaos,  N.  N.  Oyiaucbi.  F.  C.  Gunatrloy.  Jr.,  and  V.  G.  Red  wail, 
/sore.  Ckrm..  9.  19)9  (1947). 

(9)  H.  Scb aiits  aad  H.  J.  Schumacher,  Z.  Nelut/ortck.  A.  S,  392  (1947). 

(9)  C.  J.  Schack.  I>.  Pitipovich,  S.  N.  Cuba.  aa4  !>  F Skeekaa.  J.  Pky I. 
Cktm  . It,  4997  (1968). 
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Table  I 


Photochemical  Formation  op  ClF,0  from  Halogen  Oxyfluoridks 


Espt 

Reaction 

Temp, 

Yield  of 

no. 

time,  min 

•C 

Reactants,*  cm* 

Products,*  cm* 

CtFaO,  %' 

1 

00 

15 

CIF,,  56.3;  ClOjF,  56.9 

CIF,;  C10»F;  CIF,  (trace) 

0 

2 

60 

-40 

CIF,,  55.6;  CIChF,  55.0 

C1F.O,  26;  CIF,  60 

47 

3 

60 

-40 

CIF,,  57.2;  CIO.F,  61.8 

C1F.O,  29;  CIF,  50;  ClOjF,  26 

79 

4 

60 

-60 

Ft,  65.9;  CIO, F,  613 

C1F,0,  18;  CIF,,  10;  C10.F,  33 

64 

5* 

120 

-60 

ClO,F,  120.5 

C10.F,  50;  CIF,  43;  CIO,F,  8;  O, 

0 

6* 

60 

-60 

CIF,  67.5;  O,,  67 

CIF,  51;  CIF,,  9;  ClOjF  (trace);  Cl, 

0 

7* 

60 

-40 

C1F,0,  69.4 

C1F.O,  49.6;  CIF,;  O, 

8* 

60 

-60 

C1F.O,  61.7 

C1F.O,  50.8 

9* 

180 

-60 

CIF,,  31.5 

CIF,,  21.1;  CIF,  10  2;  F,,  10.2 

0 

10 

15 

-60 

CIF,  101.0;  IF,0,  51.4 

C1F,0,  5;  CIF,  09  3;  Cl,;  IF, 

10 

11 

60 

-GO 

CIF,  95.0;  IF, 0,57.0 

CIFjO,  15;  79.5;  Cl,;  CIO.F,  IF, 

26 

Control  experiments. 

* All  gas  volumes 

in  this  paper  are  cm*  at  STP. 

* Based  on  moles  of  oxyfluoride  reacted. 

Figure  1. — Ultraviolet  absorption  spectra  for  C1F,  CIF,,  C1F,0, 
C10.F,  ClOiF.  and  BrF,. 

Photochemical  SyntheaU. — With  the  cell  at  ambient  tempera- 
ture and  the  condensing  tube  at  — 196°,  the  condensable  reac- 
tants were  loaded  into  the  cell,  followed  by  the  addition  of  If, 
and/or  Ot.  The  amount  of  each  reactant  introduced  was  deter- 
mined by  volumetric  measurements  made  in  the  vacuum  system 
external  to  the  cell.  The  How  of  Nt  was  started  over  the  cell 
window  and  the  metlianol  cell-coolant  flow  was  started.  The 
condensing  tube  was  allowed  to  reach  the  cell-body  temjierature, 
and  after  the  reactants  had  mixed,  the  lamp  was  turned  on.  A 
shutter  between  the  lamp  and  cell  wiuduw  was  only  removed 
when  the  lamp  current  hail  reached  its  full  operating  level. 
After  tlte  desired  period  of  irradiation,  the  cell  was  warmed  to 
ambient  temperature  and  its  contents  fractionated  in  the  vacuum 
line.  The  ClFiO  was  trapped  at  —95*,  measured  volumetri- 
cally,  and  identified  by  its  ir  spectrum.1*  The  other  reaction 
products  were  similarly  separated  and  identified  by  infrared 
spectroscopy,  vapor  pressure,  and  gas  density  measurements. 

Absorption  Spectra. — Uv  spectra  were  obtained  with  a Cary 
Model  14  recording  spectrophotometer.  The  cells  were  of  10-c**-. 
path  length  and  constructed  from  1-in.  o.d . nickel  tubing.  Ultra- 
violet grade  Linde  sapphire  windows  were  held  in  place  with 
flanges  and  Teflon  O-riugs.  Hoke  M482m  Monel  bellows  valves 
were  used  as  cell  closures.  Prior  to  the  introduction  of  the  sam- 
ple, the  cell  was  passivated  with  Ft  and  ClFj. 

Results 

Uv  Absorption  Spectra. — The  absorption  spectra  of 
some  of  the  starting  materials  were  recorded  to  obtain 
insight  into  the  uv  activation  processes.  These  spectra 
arc  shown  in  Figure  1 . The  results  for  ClFj  extend  the 
work  of  Gutti,  ft to  wavelengths  shorter  than  2040 

(10)  K.  O.  Christs  and  E C.  CurtU.  /nor,.  Cktm..  11.  21*«  (1*72). 

(11)  K.  Galti,  R.  I..  Krletrr.  J.  K Sicr*.  and  H.  J.  Schumacher,  J.  Inorg. 
N »<l  Cktm..  SS,  80S  (1*86) 


A.  Likewise,  the  C1F  spectrum  extends  that  reported 
by  Schmitz  and  Schumacher.12  Schmitz  and  Schu- 
macher have  also  reported11  the  uv  spectrum  of  C1F». 

Synthesis  of  ClF,0  from  Halogen  Oxyfluorides.— 
The  results  of  the  reactions  of  F»,  C1F,  and  CIF*  with 
ClOjF,  ClOjF,  or  IF,Q  are  given  in  Table  I.  The  reac- 
tion temperatures  employed  ranged  from  4-15  to  —00°. 
The  yield  of  ClFiO  at  15°  was  zero  while  at  —60° 
yields  as  high  as  79%  were  observed  (based  on  1 mol  of 
ClFiO  from  each  mole  of  oxyfluoride  reacted).  Control 
experiments  to  determine  the  rate  of  decomposition  of 
ClOiF  and  ClFiO  were  carried  out.  After  1 hr  at  —40 
and  —00°,  ClFiO  had  decomposed  to  the  extent  of  28.5 
and  8.0%,  respectively.  Surprisingly,  ClOiF  decom- 
posed at  a rate  of  about  29%/hr  at  —60°.  Further- 
more, the  control  experiment  (expt  0,  Table  I)  showed 
a low  level  of  oxygenation  of  C1F  to  ClOjF. 

Synthesis  of  ClFiO  from  the  Elements.-  -The  results 
for  the  synthesis  of  ClFiO  from  the  elements,  Cli,  F,, 
and  Ot,  at  —60°  are  shown  in  Table  II.  The  convei- 

Taulb  II 

Photochemical  Formation  of  C1F»0  from 


lispt 

Reaction 

the  Elements"  at  —60° 

% Cl. 

converted  to 

no. 

time,  min 

CIHm) 

Cl  Pi 

ClOiF 

ClIMl 

CIF* 

i 

15 

Trace 

45.2 

Trace 

84 

2 

30 

13 

50.5 

0.8 

2 3 

93 

3 

(In 

7 3 

38  3 

1.8 

13  3 

70 

4 

90 

9 7 

46  8 

0.4 

10  7 

80 

5 

180 

15  9 

32  9 

2 9 

29  7 

61 

6 

240 

21  4 

31  9 

39  0 

58 

7 

360 

25  0 

29  4 

0 4 

44  6 

67 

8' 

60 

0 

37  7 

3 9 

0 

71 

O/. 

60 

0 

49  3 

0.8 

0 

88 

10* 

180 

7 5 

40  1 

4 9 

13  2 

71 

‘The  ratio  of  CI,:K,:0«  in  all  experiments  was  1:3:10  with 
the  total  amount  of  gas  being  about  400  cm*  and  the  total  pres- 
sure being  about  780  mm  Ur.,  approximately  28  nil*  of  Cl», 
85  cm*  of  Fi,  and  285  cm*  of  CL)  » Remainder  of  products  were 
CIF,  Ft,  and  Ot.  These  were  not  measured.  * Pyrex  filter  used. 
* Vycor  filter  uacd.  • Oxygen  filter  used. 

sions  to  ClFiO  increased  with  increasing  reaction  time 
ranging  from  a trace  after  15  min  to  44.6%  after  360 
min.  Most  of  the  Cl,  and  Fi  were  converted  to  CIF* 
during  the  first  15  min  of  irradiation  (expt  1).  The 
effective  irradiation  wavelengths  for  the  reaction  were 
established  through  the  use  of  different  filters.  No 
ClFiO  wus  formed  using  either  a Pyrex  or  Vycor  filter 

(13)  H.  Schwas  sod  H.  J.  Schumacher,  An.  Aft.  Quim  Artful..  M,  tl 

(1950). 

(13)  H.  Schmitt  sad  H J.  Schumacher,  ikU  . M,  303  (1*50). 
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and  the  yield  of  ClFjO  was  drastically  reduced  by  using 
a crude  oxygen  filter  ( i.e .,  flowing  oxygen  rather  than 
nitrogen  for  cooling  the  cell  window). 

Synthesis  of  ClFjO  from  ClFj  and  O,. — The  results 
for  the  synthesis  of  ClFjO  from  ClFj  and  0*  at  —60° 
are  shown  in  Table  III.  Here  again  the  conversions 


Table  III 

Photochemical  Formation  of  ClFjO  from 
C1F,  AND  Ol*  AT  -60“ 


Kspt 

Reaction 

- Product*.' 

* cm* 

% OF* 
converted 

% OF* 
recovered 

no. 

time,  min 

ClFiO 

ClFi 

to  ClF«0 

as  OF* 

1 

60 

0 

29  4 

0 

98 

2 

90 

1.3 

32.5 

3.9 

97 

3 

180 

3.2 

29.1 

9.6 

87 

4 

360 

66 

25.3 

20.8 

79 

• ClF»:Oi  ratios  of  about  1 : 10  were  used  in  all  experiments  with 
the  total  amount  of  gas  being  about  340  cm’  and  the  total  pressure 
being  about  070  mm  (i.e.,  approximately  31  cm*  of  OF,  and  310 
cm*  of  Oj).  * Remainder  of  products  were  C1F,  Fj,  and  Oi. 
These  were  not  measured. 

to  ClFjO  increase  with  increasing  reaction  time  with 
about  21%  ClFjO  formed  after  300  min.  The  amounts 
of  ClFjO  formed  from  ClFa-Oi  mixtures  and  from  the 
elements  are  compared  in  Figure  2 as  a function  of  the 


Figure  2. — Photochemical  conversion  as  a function  of 
irradiation  time  at  —60®. 

irradiation  time.  It  may  be  seen  that  even  though  the 
elements  are  rapidly  converted  to  a ClF|-Oj  mixture, 
a much  longer  induction  period  occurs  when  starting 
with  a ClFj-Oi  mixture  and  about  four  times  more 
ClFjO  forms  from  the  elements  during  a G-hr  experi- 
ment. 

Attempted  Synthesis  of  BrF,0.  —Mixtures  of  BrF, 
and  Oi  (mole  ratio  of  1 :9),  after  exposure  to  uv  irradia- 
tion for  1 to  3 hr  at  —40  to  —GO0,  consisted  exclusively 
of  the  unchanged  starting  materials.  Similarly,  the 
photolysis  of  BrFt-Ft  mixtures  (mole  ratio  of  1:9)  did 
not  result  in  the  formation  of  any  novel  compound,  such 
as  BrFv.  The  unrcacted  BrFs  was  quantitatively  re- 
covered after  completion  of  the  experiment. 

Discussion 

The  results  obtained  in  this  study  demonstrate  that 
uv  photolysis  constitutes  a convenient  high-yield  syn- 
thesis for  C1F,0.  The  starting  materials  used  for  the 
photolysis  reactions  are  quite  different  from  those  used 
in  the  chemical  syntheses.’  They  are  more  readily 
available  and  safer  to  handle  than  ClONOj  or  the 
shock-sensitive*  CltO. 

A wide  choice  of  starting  materials  exists  for  the 
photochemical  synthesis  of  C1F»0.  It  appears  that 
the  photolysis  of  almost  any  system  capable  of  produc- 
ing active  oxygen  and  either  C1F,  C1F»,  or  C1F*  will  pro- 
duce C1F,0.  Thus,  ClFaO  has  been  prepared  from  any 
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of  the  following  reaction  systems:  Clj-Fj-Gj,  ClFa-O*, 
ClOjF-CIFj,  ClOjF-CIFi,  C10,F-F,,  and  CLF-IF»0. 
It  may  be  seen  from  the  data  in  Tables  I,  II,  and  III 
that  starting  with  the  elements  or  the  C1Fj-Oj  mixture 
results  in  better  yields  of  CIF,0  but  the  halogen  oxy- 
fluorides  give  much  faster  rates  of  formation  of  ClFjO 
(in  cm  ’/hr).  The  failure  to  observe  ClFjO  in  the 
CIF-Ot  system  (expt  6,  Table  I)  is  most  likely  due  to 
the  short  reaction  time  (60  min).  Thus,  a 1-hr  initiation 
period  was  required  for  the  ClFj-Oi  system  (expt  1, 
Table  III)  before  any  ClFiO  could  be  detected  in  the 
products.  The  number  of  possible  reaction  systems  has 
recently  been  further  extended  by  the  independent  work 
of  Bougon.  el  til.'-  The  latter  authors  reported  the 
preparation  of  ClFjO  by  photolysis  of  the  CIFj-OFj 
system. 

When  considering  the  results  obtained  in  the  present 
investigation,  it  should  be  noted  that  some  of  the  re- 
actants and  products  were  present  in  quantities  which 
caused  their  partial  condensation  on  the  reactor  walls. 
The  vapor  pressure  data  presented  in  Table  IV  indicate 

Table  IV 

Vapor  Pressure  and  Calculated  Maximum 
Volume  of  Vapor  in  Kbactor 

Vapor  pm, urc,  mm — . . — Vapor  volume,  cm*  at  STP^ — 


— 40” 

-B0“ 

-40° 

-CO* 

OF.O* 

22 

5 

13.1 

3.3 

Cl,» 

>400 

>100 

>230 

>65 

ClFg 

220 

72 

131 

47 

OF,* 

47 

10 

28 

7 

OF* 

>760 

>760 

>490 

>450 

00, F4 

1000 

398 

597 

260 

ClOiF* 

143 

37 

91 

23 

* Reference  3.  ’ D.  R.  Stull,  Ini.  Eng  Ckem.,  39,  517  (1947). 
‘Reference  7.  ‘R.  L.  Jurry,  J.  Pkys.  Chem.,  61,  498  (1957). 
• H.  Schmitz  and  H.  J.  Schumacher,  Z.  Anorg.  AUg.  Ckem.,  249, 
238  (1942).  ’ In  388-cm’  reactor,  assuming  ideal  vapor  pressure. 

the  amount  of  each  species  which  will  remain  uncon- 
densed  at  —40  and  —60°  and  thus  can  participate  in 
the  photochemical  reaction.  It  can  be  seen,  for  example, 
that  at  —60°  most  of  the  ClFjO  condenses  and,  hence, 
is  not  subject  to  decomposition  by  the  irradiation. 
These  vapor  pressure  considerations  might  also  explain 
why  ClFjO  photolyzes  more  rapidly  at  —40  than  at 
— 60°  (expt  7 and  K of  Table  I)  and  why  C10,F  photo- 
lyzes faster  than  ClFiO  (expt  5 and  K of  Table  I). 

The  most  convenient  and  practical  reaction  system 
for  the  photochemical  synthesis  of  ClFjO  is  obviously 
the  one  starting  from  the  elements  Clj,  Fj,  and  0».  As 
can  be  seen  from  Table  II  and  Figure  2,  the  synthesis 
of  ClF*0  from  the  elements  produces  ClFi  at  a rapid 
rate  during  the  first  half-hour  with  yields  around  90%. 
This  implies  that  the  synthesis  of  ClFjO  from  the  ele- 
ments is  closely  related  to  that  starting  from  ClFj  and 
O],  although  the  different  rates  and  the  existence  of  a 
1-hr  initiation  period  for  the  ClFi-Oi  system  are  un- 
expected. The  purpose  of  the  present  study  was  not 
to  study  the  kinetics  of  any  particular  reaction,  but 
rather  to  screen  different  reaction  systems  for  their 
potential  as  a practical  synthesis  of  ClFjO.  An  inde- 
pendent, detailed  kinetic  study  of  these  systems  is  in 
progress  in  our  laboratory  and  will  be  published  at  a 
later  time.14  Consequently,  the  discussion  of  the  possi- 

<!4)  A.  A* worthy  awd  K Mueller,  unpublished  molts. 
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ble  reaction  mechanisms  will  be  limited  in  this  paper  to 
the  most  apparent  aspects. 

The  selection  of  reaction  temperatures  below  —25° 
is  beneficial  for  the  synthesis  of  ClFjO.  At  reaction 
temperatures  of  —40°  and  below,  the  vapor  pressure  of 
ClFjO  is  quite  low,  thus  minimizing  its  photolytic  de- 
composition according  to 

ClFjO  -X-  C1F,  + V.O, 

This  decomposition  path  has  been  noted  also  during  its 
pyrolysis  and  is  consistent  with  the  observation  (expt 
1,  Table  I)  that  at  15°  no  ClFiO  is  formed  from  a 
system  capable  of  producing  it  at  a lower  temperature. 

The  photolysis  of  either  ClOiF  or  ClOjF  in  the  pres- 
ence of  Fj  or  CIF&  gave  ClFjO  in  high  yields.  The 
observed  (expt  5,  Table  I)  degradation  of  ClOjF  to 
C1F,  ClOiF,  and  Oj  indicates  a stepwise  decomjwsition 
of  ClOjF,  according  to 

C10,F  — ► ClOjF  + '/.o. 

ClOjF  — *■  ClOF  + 7.0, 

ClOF  — ► C1F  + 7,0, 

The  following  data  support  this  assumption.  The  de- 
composition of  ClOjF  yields  a substantial  amount  of 
ClOiF,  while  the  oxygenation  of  C1F  to  C10,F  (expt  (>, 
Table  I)  is  very  inefficient.  Thus,  the  product  of  the 
first  deconi|)osition  step  of  CK),F  should  be  ClOjF. 

Some  indications  concerning  the  nature  of  the  key 
intermediates  were  obtained  from  experiments  in- 
volving the  use  of  various  filters  during  uv  irradiation 
(Table  II).  The  insertion  of  a Vycor  filter  (1(1%  trans- 
mittance at  225(1  A)  precluded  the  formation  of  ClFjO 
from  the  elements.  This  result  suggested  the  impor- 
tance of  oxygen  activation  in  the  "fixation”  step.  This 
assumption  was  substantiated  by  passing  Oj  between 
the  lamp  and  the  cell,  which  vastly  decreased  the  ClFjO 
yield  (compare  expt  f>  and  10,  T able  II) 

Having  thus  established  the  importance  of  oxygen 
activation,  it  would  be  tempting  to  propose  the  com- 
bination of  ClFj  with  an  oxygen  atom  to  form  ClFjO. 
This,  however,  appears  unlikely  since  the  rate  of  for- 
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mation  of  ClFjO  from  C1F»  and  O*  is  much  slower,  par- 
ticularly during  the  initial  stages  of  the  reaction,  than 
the  rate  of  formation  from  Cl*,  F»,  and  Oi  (see  Figure 
2).  It  has  been  noted  (expt  9,  Table  I)  that  ClFj 
slowly  generates  C1F  upon  uv  irradiation  and  it  is  pos- 
sible that  C1F,  and  not  ClFi,  combines  with  O.  The 
suggested  reaction  sequence  would  be 

ClFi  ± C1F  4-  F, 

7,0, — ► o 
C1F  + O ClOF 
ClOF  + F,  — *-  ClFjO 

The  unknown  compound,  ClOF,  would  be  a plausible 
intermediate  for  both  the  oxygenation  of  ClFj  and  the 
deoxygenation  of  C10,F  or  ClOjF  (see  above) . 

In  the  ClOjF-  and  ClOsF-containing  systems,  the  pos- 
tulated ClOF  intermediate  might  be  formed  in  two 
different  ways:  (1)  by  direct  deoxygenation  of  ClOjF 
or  ClOjF,  and  (2)  by  recombination  of  C1F  with  atomic 
oxygen.  If  (2)  were  the  preferred  reaction  path,  the 
rate  of  ClFjO  formation  should  be  comparable  for  both 
the  ClFj-Oi  and  the  ClOjF-Fj  systems,  since  both 
ClOjF  and  ClFj.  upon  photolysis,  yield  OF  at  com- 
parable rates  (expt  5 and  !),  Table  I).  However,  this  is 
not  the  case.  The  rate  of  ClFiO  formation  for  the 
ClOjF  Fj  system  is  much  higher  than  that  found  for 
the  ClFj  -Oj  system.  Therefore,  it  apj>enrs  that  at 
least  some  of  the  unstable  ClOF  intermediate  must  be 
fixed  by  fluorine  during  the  deoxygenation  of  ClOF  or 
ClOjF.  Attempts  were  unsuccessful  to  extend  the 
above  described  technique  toward  the  syntheses  of  the 
yet  unknown  molecules,  BrF&O  and  BrF7. 
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The  infrared  spectra  of  gaseous,  solid,  and  matrix  isolated  CIF4O  and  the  Raman  si>cetra  of  gaseous  and  liquid  C1F,0  are 
reported.  Nine  fundamental  vibrations  were  observed,  consistent  with  symmetry  C..  The  vibrationc.1  spectrum  of  C1K,0 
agrees  well  with  a trigonal-bipyramidal  model  with  two  fluorine  atoms  at  the  apexes  and  one  fluorine  atom,  one  oxygen 
atom,  and  one  localized  free  electron  pair  at  the  remaining  corners.  A modified  valence  force  field  was  computed  for  C1F»0. 
These  data  indicated  that  the  axial  C1F  bonds  (/.  - 2.34  nidyn/A)  arc  ■•ousiderably  weuker  than  the  equatorial  one  (/*  «. 
3.16  mdyn/A)  and  that  the  bond  order  of  the  CIO  bond  is  close  to  two  l ft,  = 11.37  mdyn/A).  The  Raman  spectrum  of  the 
liquid  and  the  infrared  spectrum  of  the  solid  indicate  association  through  the  axial  fluorine  atoms.  Thermodynamic  proper- 
ties were  computed  for  ClFjO  in  the  lange  0-2tXX)°K. 


Introduction 

As  part  of  our  extensive  study1-4  of  the  novel  chlo- 
rine oxyfluoride,  ClFjO,  we  have  investigated  the  vi- 
brational spectra  of  the  molecule.  In  their  recent 
paper,  Bougon,  el  al.,  have  proposed1 2 3 4 5 6 7 8 9  u structure  of 
symmetry  Cj,  for  ClFjO  on  the  basis  of  infrared  and 
Raman  spectra.  In  this  paper,  we  report  the  complete 
vibrational  spectrum,  force  constants,  and  thermody- 
namic properties  of  ClFjO.  The  vibrational  spectra, 
force  constants,  and  structure  of  the  two  ions,  ClFjO  + 
and  C1F«0-,  derived  from  ClFjO  are  discussed  else- 
where.18 

Experimental  Section 

The  preparation  of  ClFiO  and  its  purification  and  handling  have 
previously  been  described. The  ClFiO  samples  used  in  this 
investigation  had  a purity  of  I letter  than  99.8%  and  our  spectra 
did  not  reveal  any  impurities.  The  infrared  spectra  were  re- 
corded either  on  a Beckman  Model  1U-7  spectrophotometer  with 
NaCl  and  Csl  interchange  in  the  range  4tXX)-2(X)  cm  1 or  a 
Perkin-Elmcr  Model  457  spectrophotometer  in  the  ra  -gc  4(XX) 
250  cm-1.  The  instruments  were  calibrated  by  comparison  with 
standard  gas  calibration  points.*  The  gas  cells  were  made  of  304 
stainless  steel  ztid  had  a path  length  of  f>  mi.  Silver  chloride 
and  Csl  windows  were  used  in  the  ruuges  4(XM)-  450  and  450  • lit X) 
cm-1,  respectively.  The  inside  of  the  Csl  windows  was  pro- 
tected against  chemical  attack  by  Teflon  1-T.P  sheet  ( I -»*»il  thick- 
ness). To  ensure  close  cotitai  t between  the  Csl  window  ami  the 
Teflon  sheet,  a thin  film  of  llalocarlsm  g.-easc  (high-temperature 
grade  from  llalocurbou  Products)  was  put  on  the  Csl  window 
prior  to  attaching  tin-  Teflon  sheet.  The  Teflon  sheet  did  not 
come  loose  or  show  blisters  even  upon  evacuation  of  the  cell 
provided  all  gas  pockets  between  the  Csl  window  and  the  thin 
Teflon  sheet  were  carefully  eliminated  before  assem'ding  the  cell. 
Compensation  for  bands  due  to  the  window  material  was  achieved 
by  placing  an  empty  cell  into  the  icfcrencc  lieum . 

The  apparatus,  materials,  and  technique  used  for  the  matrix 
isolation  study  have  previously  lieen  described.10-11  Raman 

(1)  II  Pilinovich.  R I).  Wilson,  »nd  It  !■'  Bauer,  l'  S Patent,  to  be 
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spectra  were  recorded  using  a Coherent  Radiation  Laboratories 
Model  52  Ar  laser  as  a source  of  ~1.3  W of  exciting  light  at 
5145  A.  The  scattered  light  was  analyzed  with  a Spex  Model 
1400  double  monochromator  a ohotomultiplier,  and  a dc  am- 
meter. Polarization  measu.  m--nts  were  carried  out  using  a 
Model  310  polarization  rotator  from  SpectraThysics.  A stain- 
less steel  cell  with  Teflon  O-rings  anil  sapphire  windows  was  used 
for  obtaining  the  s|>cctra  of  gases  and  liquids.  The  design  of 
this  cell  was  similar  to  that  of  a cell  described  previously 

Results  and  Discussion 

Vibrational  Spectra.  Figure  1 shows  the  infrared 
spectrum  of  gaseous  ClFjO  recorded  at  various  sample 
pressures.  Figures  2 and  3 : how  the  Raman  spectra  of 
gaseous  and  liquid  ClFjO,  respectively.  Figure  ■(  shows 
the  infrared  spectra  of  pure  and  N2-matrix  isolated 
ClFjO  at  4 n K . Figure  5 shows  the  most  intense  in- 
frared bands  of  matrix  isolated  ClFjO  under  high  reso- 
lution conditions  allowing  the  determination  of  the 
“Cl  "Cl  isotopic  shifts  Table  l lists  the  observed 
frequencies  which  can  be  attributed  to  fundamental  vi 
brations.  Table  II  lists  the  infrared  frequencies  at 
tribuled  to  overtones  and  combination  bands 

In  ClFjO,  the  chlorine  central  atom  possesses  a non- 
bonding  valence-electron  pair.  In  related  molecules 
(e.g.,  SF(  and  C1F»),  such  an  electron  pair  appear,  to  be 
sterieally  active,  and  similar  Ix-haviui  is  anticipated 
here.  Tile  resulting  structure  can  best  be  described  as 
a trigonal  hipyrumid  In  this  type  <>f  structure,  the 
apical  positions  arc  always  occupied  by  the  most  elec 
troiiegalive  ligands  13  Hence,  structure  1 of  .symmetry 

F 

I J' 

F 

I 

C,  (possessing  one  symmetry  plane  as  the  only  sym- 
metry element)  might  be  expected  for  ClFjO.  The 
arrangement  of  the  axial  FC1F  group  may  not  be  ex- 
actly linear  owing  to  the  different  degrees  of  repulsum 
expected  from  the  three  equatorial  ligands  However, 
possible  deviations  from  1K0°  should  be  relatively  small 
and  symmetry  C,  would  be  retained.  A second  struc- 
ture of  symmetry  C,  (II)  can  be  written  for  ClFjO  in 
which  one  fluorine  and  one  oxygen  atom  occupy  the 
axial  positions  However,  comparison  with  related 

(12)  B.  L.  (lamer  end  II  H.  Cleaeeen.  lt.org.  Cktm..  «,  1937  (1947). 

(13)  K F.  Hudson.  Ament  Cktm..  1ml.  Ed.  £■>(!  . «,  719  (1907) 
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Figure  2. — Raman  spectrum  of  gaseous  CIFiO  at  a sample  pres- 
sure of  490  mm.  The  inserts  show  the  three  most  intense  bands 
at  higher  resolution  and  scale  expansion.  C indicates  equivalent 
slit  width 


Figure  3. — Raman  spectrum  of  liquid  ClFjO.  C indicates 
equivalent  slit  width. 


1000  i«bo‘lC90  1400  1100  1000  *00  too  400^ 
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Figure  4. — Infrared  spectra  of  solid  C1F,0  at  4*K:  (A)  1.0 

»*mol  of  ClFjO  in  10, COO  gmol  of  Ni;  (B)  10  gmol  of  C1F,0  in 
10,000  gmcl  of  N,  after  controlled  diffur'ou  at  27’K;  (C  and  D) 
pure  ClFjO  at  two  different  concentrations. 


F 


II 

molecules  and  the  observed  **Cl-r7Cl  isotopic  shifts 
(see  below)  eliminate  this  model.  If  the  free  election 
pair  of  the  chlorine  atom  in  ClFsO  would  not  be  steri- 
cally  active,  a tetrahedral  molecule  of  symmetry  Ca, 
would  result,  as  proposed*  by  Bougon,  cl  al. 

For  structures  I and  II,  one  would  expect  nine  fun- 


NUOUCMCY,u»-1 

Figure  5. — Infrared  spectra  of  CIFaO  in  Ns  matrix  at  4*K  re- 
cord'd at  tenfold  scale  expansior  under  high  resolution  condi- 
tions: (A)  2,0pmol  of  C1F»0  (matrix  ratio  (mr)  1 : 1000;;  (B)2.0 
Mmol  (mr  1 : 10,000);  (C)  0.24  mbwI  (mr  1 : 10,000);  (D)  10  Mmol 
(mr  1:1000). 
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damental  vibrations  active  in  both  the  infrared  and 
Raman  spectrum.  For  structure  III,  one  would  expect 
only  six  fundamental  vibrations,  again,  active  in  both 
tlie  infrared  and  Raman  spectrum.  Since  nine  funda- 
mental vibrations  were  unambiguously  observed  for 
ClFjO  (see  Table  I),  structure  III  can  be  ruled  out. 
Consequently,  assignments  for  C1F,0  were  made  in 
point  group  C,  (see  Table  I)  contrary  to  the  conclusions' 
reached  by  Bougon,  el  al.,  on  the  basis  of  incomplete  ex- 
perimental data.  Further  evidence  against  symmetry 
Ct,  is  based  on  the  band  shapes  observed  for  the  in- 
frared spectrum  of  the  gas  she  mg  that  C1F»0  cannot 
be  a symmetric  top  molecul  For  example,  in  the 
case  of  Ci„  the  0=0  stretching  mode  al  about  1220 
ctn-1  should  show  well-separated  PQlt  branches. 
Since  the  geometry  of  CIFiO  of  symmetry  C,  can  be 
estimated  (see  below),  the  three  principal  moments  of 
inertia  were  computed  for  structure  I resulting  in  A ■■ 
0.216,  B - 0.129,  and  C - 0.0934  cm'1.  Based  on 
these  values,  the  infrared  band  contours  were  esti- 
mated for  CIFiO,  according  to  the  method  of  Ueda  and 
Shimanouchi."  The  observed  bond  contours  were 
consistent  with  those  predicted.  However,  they  cannot 
be  used  to  distinguish  structures  I and  II  due  to  the 
interference  by  the  •’Cl  isotope  bands,  the  double  and 
triple  coincidences  of  bands  in  the  infrared  spectrum 
occurring  at  about  680  and  490  cm-1,  respectively,  and 
the  fact  that  most  bands  are  blends  of  the  A , B,  and  C 
type. 

The  assignments  (see  Table  I)  for  C1F»0  in  point 
group  C,  (structure  I)  are  based  on  the  following  argu- 


(14)  T.  Utd*  iod  T.  ShimiBouchl,  J.  Uol.  Sptctrou.,  M,  MO  (IMt). 
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ments.  The  band  at  about  1220  cm-1  occurs  at  a fre- 
quency much  too  high  for  any  Cl — F fundamental  vi- 
bration and,  hence,  must  be  assigned  to  the  stretching 
vibration  involving  the  0=0  double  bond.  Com- 
parison with  related  Cl — F con  tanning  compounds1*-1' 
indicates  that  of  the  three  Cl — F stretching  vibrations, 
at  least  two  should  show  a frequency  higher  than  000 
cm-1  (see  Table  I).  Indeed  two  bands  were  observed 
at  about  690  and  650  cm-1.  These  were  assigned  to 
the  equatorial  Cl — F and  the  antisymmetric  axial  FCIF 
stretching  vibrations,  respectively.  These  assign- 
ments were  made  on  the  basis  of  the  observed  uCl-nCl 
isotopic  shifts  fsee  below),  the  relative  infrared  and 
Ramon  intensitit  s,  and  the  Raman  polarization  mea- 
surements. The  fourth  stretching  vibration,  i.e.,  the 
symmetric  FCIF  mode,  should  be  polarized  and  of  the 
highest  relative  intensity  in  the  Raman  spectrum. 
Furthermore,  it  should  be  relatively  weak  in  the  in- 
frared spectrum  and  show  no  dctectab'e  Cl  isotopic 
shift  if  the  F-Cl-F  group  is  approximately  linear. 
Hence,  this  mode  must  be  assigned  to  the  band  at  about 
‘180  cm-1. 

The  remaining  five  bands  must  be  assigned  to  defor- 
mation modes  Of  these,  three  involve  a motion  of  the 
doubly  bonded  oxygen  atom  and,  consequently,  should 
occur  at  higher  frequencies.  The  two  lowest  frequency 
bands  are  assigned  to  the  two  F -Cl—  F bending  modes, 
Vi  and  vi,  by  analogy  with  ClFj.111  Of  the  remaining 
modes,  the  torsional  motion  should  result  in  a band  of 
very  low  intensity  in  both  the  infrared  und  the  Raman 
spectnnn.  Obviously,  only  the  414-em-1  band  fulfills 
these  requirements.  The  two  highest  frequency  bands 
should  belong  to  the  F' — 0—0  scissoring  and  the 
rocking  mode.  On  the  basis  of  the  observed  and  com- 
puted (see  below)  Cl  isotopic  shifts,  we  prefer  to  assign 
the  scissoring  mode,  fi(A').  to  the  480-cm-1  band  and 
the  rocking  mode  p»(A"),  to  5(K»  cm-1.  These  assign- 
ments are  supported  by  simple  valence  force  field  argu- 
ments and  by  comparison  with  the  vibrational  spectra 
of  .he  related  species,  C1F,,“  C1F,-,16  ClFjO,-,17  and 
ClOjF1*  (see  Table  I). 

Force  Constants  and  Bonding.  -The  potential  and 
kinetic  energy  metrics  for  chlorine  trifluoride  oxide  were 
computed  by  a machine  method.1’  The  geometry 
assumed  for  this  computation  was  Z?(C10)  •=  1.42  A, 
/e(ClF')  - 1.62  A,  r(ClF)  - 1.72  A,  a(OClF')  - 120°, 
/9(0C1F)  - y(FClF')  — 90°,  based  on  the  observed 
geometry  for  CIF,*  and  a correlation  between  CIO 
bond  length,  and  stretching  frequency.’1  In  the  ab- 
sence of  structural  data,  we  assumed  the  oxygen  atom, 
the  fluorine  atom,  and  the  lone  pair  to  require  about  the 
same  space:  and,  hence,  to  be  about  120°  apart.  H ;w- 
ever,  comparison  with  the  known  geometry  o l tor 
trigonal-bipyramid  type  molecules  SF.”  and 
indicates  that  the  repulsion  from  a double  bonded 

(16)  H-  Split  H.  H.  Clui— tp,  mu]  ].  H.  Holloway,  J.  Ckrm.  Pky t..  66, 
3617  (1070). 

.16)  K.  O.  Chrisls . W.  Suwodny.  am)  J.  P.  Gueriin.  tnorg.  Ckrm i.,  C,  1 1 50 
(1007). 

(17)  K.  O.  Christ*  .04  E.  C.  Curtis.  ikid..  11,  3f  (1072). 

(18)  I.’1.  F.  Smith,  G.  M.  Begun,  end  W.  H.  Fletcher,  .jptclrochfm.  Acta, 
M,  1763  (1964). 

(IS)  ’4.  C.  Curtis,  Spccltockim.  Acts,  Perl  A,  ST,  1880  (1071). 

(20)  1).  F.  Smith.  J.  Ckrm.  Pkyi,  61,  300  (1063) 

(21)  E.  A.  Robiusoa,  Can.  J.  Ckrm..  61,  3021  (1093). 

(22)  K Klmur.  end  S.  H.  B.uer,  J.  Ckrm  Pkyi.,  66,  3172  (1063). 

(23)  J.  L.  Hencher,  h.  w.  Cruldceh.nk  end  S.  11.  Eauer,  ikid..  46,  618 
(1066). 
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oxygen  atom  should  be  intermediate  between  that  of  a 
free  electron  pair  and  that  of  a fluorine  ligand.  Con- 
sequently, the  true  structure  of  ClFjO  might  be  ex- 
pected to  deviate  somewhat  from  that  used  for  our 
computations. 

The  symmetry  coordinates  used  for  C1F»0  are  given 
in  Table  III.  The  bending  coordinates  were  weighted 


A' 


A" 


Taels  III 

Symmetry  Coordinates  for  OFgO 
S,  f)(ClO) 

S,  A'(CIF') 

•S'.  a(OClF') 

-*s  0/v/S)MC1F)  + r*(ClF)| 

Si  (l'v2)lA(OaP)  + ft(OClF)) 

N.  ( 1 ' t '2)|>,(FC1F')  4-  -yi(FClP')l 

•V,  <1/v'2)ImC1F)  - r,<ClH)] 

-s.  (1/v 2)lA(OClF)  - A(OCIF)) 

s,  ( I / v 2)l>i<FaF')  - 7.(FaF')l 


by  unit  (1  A)  distance  so  the  stretching  force  constants 
have  units  of  mdyn /A,  the  deformation  force  constants 
units  of  mdyn  A/radian’,  and  the  stretch-bend  inter- 
action constants  mdyn /radian.  The  G matrix  and  Z 
transformation  were  found  by  the  computer  and,  hence, 
are  not  given  here. 

The  force  constants  were  adjusted  by  trial  and  error 
with  the  aid  of  a computer  to  give  an  exact  fit  between 
the  observed  and  computed  frequencies.  The  com- 
puted force  constants  are  given  in  Table  IV.  An  un 


Table  IV 

Internal  Force  Constants  of  C1F.O" 


fu 

9 37 

frr 

0.26 

Ju 

3.16 

/m 

0.11 

fr 

£34 

fy  y 

0.13 

Jm 

1.84 

fra  - -f  a- 

0.2C 

Is 

1.69 

ff>  y = /0y' 

0.22 

fy 

1 87 

* Stretching  constants  in  indyn/A,  deformation  constants  in 
mdyn  A/radian’,  and  stretch-bend  interaction  constants  in 
ouiyn /radian. 

certainty  estimate  is  difficult  to  make.  However, 
numerical  experiments  witli  this  and  similar  molecules 
indicate  the  unceitainties  in  the  valence  force  constants 
to  be  0.2  to  0.3  for  0=0  and  0.2  mdyn/A  for  Cl — F. 
The  force  constants  of  greatest  interest  are  the 
s,' retching  force  constants  since  they  are  a direct  inea- 
re  for  the  strength  and  covalent  charaetei  of  the  var- 
ious bonds.  The  value  of  9.37  mdyn/A  obtained  for 
/ci-o  is  similar  to  those  computed  for  ClOjF  (9.07 
mdyn/A) 1S  and  C103+  (8.96  mdyn/A)*4  indicating 
double  bond  character.  The  value  of  2.34  mdyn/A 
computed  for  the  axial  Cl — F stretching  force  constant 
f,  is  almost  identical  with  that  of  2.34  mdyn/A,  pre- 
viously calculated1*  for  ClFj-.  The  corresponding 
interaction  constant,  f„,  is  also  very  similar  for  both 
species.  The  relatively  low  value  of  f,  in  ClFj-  has 
previously  been  interpreted1*  in  terms  of  semiionic 
three-center  four-electron  bonds.  The  same  rea- 


(24)  K.  O.  Christ*.  C.  J.  Schick.  O.  Pillpovicb,  pad  W.  SawodBy.  Inert 
Ckrm.,  6,  2480  (1060). 
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soaiug“  holds  for  the  axial  C1F  bonds  of  ClFaO  and, 
hence,  will  not  be  repeated  here.  It  should  be  pointed 
out,  however,  that  in  ClFjO,  enhancement  of  the  ionic 
character  of  the  axial  C1F  bonds  is  due  to  oxygen  sub- 
stitution, whereas  in  C1F,~  it  is  due  to  the  formal 
negative  charge.  Since  the  influence  of  oxygen  sub- 
stitution an  the  remaining  C1F  bonds  has  previously 
been  discussed1'  at  length  for  ClOiFj-,  it  will  not  be 
reiterated.  The  value  of  3.16  indyn/A  computed  for 
the  equatorial  C1F  bond  of  C1F»0  is  considerably  largor 
than  that  of  the  axial  bonds  indicating1*  predominantly 
covalent  bonding.  In  summary.  th*  results  firm  the 
force  constant  analysis  are  in  excellent  agreement  with 
a generalized  bonding  scheme  previously  discussud1*  for 
a huge  number  of  halogen  fluorides  and  suggest  that  the 
overall  bonding  in  ClFiO  might  be  described  by  the 
following  approximation.  The  bonding  of  the  three 
equatorial  ligands  (including  the  free  electron  pair  on 
Cl  as  a ligand  and  ignoring  the  second  bond  of  the 
Cl-=0  double  bond)  is  mainly  due  to  a sp*  hybrid, 
whereas  the  bonding  of  the  two  axial  C1F  bonds  in- 
volves tuainly  one  delocalized  p-electron  pair  of  the 
chlorine  atom  for  the  formation  of  a semiionic  three- 
center  four-electron  p<r  bond. 

The  deformation  force  constants  computed  for 
ClFjO  are  as  expected.  The  values  for  interacts:, 
constants  cannot  be  unique;  those  not  given  in  Table 
IV  were  assumed  zero.  The  values  for  /,„  /**,  /„,  and 
f,0  are  in  accord  with  those  for  similar  molecules.'* 
Fitting  vi  and  vt  required  nonzero  values  for  /*,  and  /*,-. 
Similarly,  n and  v , required  nonzero  values  for  /,*  and 
/,*-.  While  these  four  interaction  constants  are 
strictly  indeterminant,  numerical  experiments  showed 
that  the  observed  frequencies  could  not  be  fitted  with 
significantly  different  values. 

The  computed  potential  energy  distribution  is  given 
in  Table  V.  The  results  were  normalized,  but  the  sums 

Table  V 

Potential  Enrroy  Distribution  pox  CiF.O 
Frequency, 


Assignment 

cm 

Potential  energy  distribution 

A' 

1223 

0.96/o 

*1 

694 

0.70/*  + 010/. 

490 

0,70/.  + 0.17/. 

482 

0.90/,  + 0 10/,, 

F* 

319 

0.61/,  + 0.63/s  - 0.14 (/*,  +fey) 

227 

•'■Ufa  + 0.30/,  + 0.09(/*,  + /*,-) 

A" 

ft 

062 

0.K9/,  -r  0 14/t  - 0 09(/,*  + /,*-) 

F* 

500 

0.9% 

F» 

414 

0.80/, 

do  not  add  up  to  1.0  since  the  less  important  terms  are 
not  listed.  As  can  be  seen  from  Table  V,  most  vibra- 
tions are  highly  characteristic  except  for  and  vt, 
which  are  almost  an  equal  mixture  of  the  symmetry 
coordinates,  Si  and  5«.  The  p»  and  v«  modes  can  be 
visualized  as  a symmetric  bending  motion  of  the  two 
axial  fluorine  atoms  in  a plane  perpendicular  to  the  di- 
rection of  the  lone  pair,  and  as  a symmetric  bending 
motion  in  the  plane  containing  the  lone  pair. 

The  “Cl-^Cl  isotopic  shifts  computed  for  C1F»0 
from  the  above  force  constants  are  listed  in  Table  VI. 

(26)  K.  O.  Cbriste,  paper  presented  at  tht  Fourth  International 
Fluorine  Symposium,  Bates  Park,  Cilo.,  July  1067- 

(26)  K.  O.  Christ*  ami  W.  Sawtx'uy,  7.  Anorg.  Alig.  Chem.,  MT,  125 
UMfi). 
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Ossmvro  and  Confuted  “Cl -"Cl  Isotopic  Shifts  won.  Ct?,0 
IwLafBc  tUIt,  c«-‘ . 


Normal  ns ode 

ConpuUd 

OUd 

A'  n 

11.8 

10  9 

•* 

9.0 

8.8 

2.7 

2.0 

0 

0 

n 

1.4 

0.8 

A"  rr 

11.2 

11.2 

F| 

0.5 

1.2  or  leu 

0 

As  can  be  seen,  the  agreement  between  the  observed 
and  computed  shifts  is  good  and  lends  further  support 
to  the  assignments  suggested  above.  Thus,  the  possi- 
bility of  assigning  the  bands  at  686,  652,  and  478  cm-1 
to  p.ya(ClFi(eq)),  p„y„(ClF,(eq)),  and  *(ClF(ax)),  re- 
spectively, of  structure  II  can  be  ruled  out  based  upon 
the  lack  of  observing  any  “Cl-^Cl  isotopic  splitting  for 
the478-cm-1  band. 

Association  in  the  Liquid  and  Pure  Solid.— The  rela- 
tively high  boiling  point  and  Trouton  constant*  of 
ClFtO  imply  its  association  in  the  liquid  phase.  More 
specific  evidence  about  the  nature  of  this  association 
can  be  ob tinned  from  the  vibrational  spectra  recorded 
for  the  liquid  and  the  solid  and  from  a controlled  diffu- 
sion experiment  carried  out  for  matrix  isolated  ClFtO. 
Principally,  association  could  involve  either  oxygen  or 
fluorine  bridges.  In  the  case  of  fluorine  bridges,  dis- 
tinction might  be  made  between  equatorial  and  axial 
fluorine  bridges.  The  stretching  frequencies  of  the 
bonds  involved  in  the  bridging  should  decrease  when 
going  from  the  gas  or  matrix  isolated  solid  to  the  liquid 
or  pure  solid.  On  the  other  hand,  the  bonds  not  in- 
volved in  the  bridging  should  show  no  decrease  or 
possibly  a very  small  increase  in  frequency.  Com- 
parison between  the  infrared  spectra  of  matrix  isolated 
(trace  A,  Figure  4)  and  pure  solid  C1F*0  (trace  C, 
Figure  4)  reveals  that  the  0=0  stretching  mode  fre- 
quency increases  by  about  10  cm  that  the  equatorial 
C1F  stretching  mode  shows  no  detectable  change,  but 
that  the  antisymmetric  axial  FC1F  stretching  frequency 
decreases  by  about  50  cm-1.  Similarly,  the  controlled 
diffusion  experiment  carried  out  for  matrix  isolated 
ClFjO  (trace  B,  Figure  4)  shows  the  appearance  of  new 
hands  on  the  high-frequency  side  of  e(Cl=0)  and  v- 
(Cl — F')  and  on  the  low  frequency  side  of  h„(FC1F). 
Furthermore,  a weak  band  observed  at  468  cm-1  in  the 
infrared  spectrum  of  matrix  isolated  ClFjO  must  be  due 
to  associated  ClFjO  owing  to  its  strong  increase  in  rela- 
tive intensity  upon  controlled  diffusion.  In  addition, 
the  Raman  spectrum  of  the  liquid  (Figure  3)  shows  a 
pronounced  frequency  decrease  only  for  vlym(FClF). 
Consequently,  association  appears  to  involve  exclu- 
sively the.  axial  fluorine  atoms.  This  finding  agrees 
with  the  association  proposed”  by  Frey,  Redington, 
and  Aljibury  for  the  structurally  related,  trigonal-bi- 
pyramidal  molecules  SF«  and  C1F*. 

A decrease  of  the  volatility  of  ClFjO  due  to  extensive 
si  -ionization  (i.e.,  2C1F»0  C1F,0+C1F40-)  in  the 

liquid  or  solid  phase  can  be  ruled  out  since  it  should  re- 
sult in  more  dramatic  changes  in  the  spectra  upon  phase 
change.  Furthermore,  no  evidence  for  the  presence  of 

(27)  R.  A.  Frty,  R.  L.  Rediogtcn,  and  A.  L.  K , AJjlbury,  J.  Ck<m.  Pkyi.t 
*4,  344  (1071). 
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Txata  VII 


Thsemodynamic  PaorsaTixs  rox  ClFtO 
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72.675 
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64.108 

78.486 
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67.478 

83.305 

600 
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14.936 

75  02 

94.271 
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24.512 
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77.638 

97.141 
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10.835 
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99.736 

1100 

24.021 

22.310 

81.813 

102.103 

1200 

25.059 

24.818 

83.605 

104.277 

1300 

26.168 

27.330 

86  2S6 

106.288 

1400 

26  266 

20.861 

86-834 

108.166 

1500 

25.328 

32.880 

88  314 

100.001 

1600 

25.387 

34.916 

88. 715 

111.638 

1700 

26.437 

37.468 

01  044 

113.078 

1800 

26.470 

40.003 

02.300 

114.633 

1000 

26.514 

42.663 

93- 516 

115.012 

2000 

26.645 

45.106 

94.668 

117.221 

the  bands  characteristic  for  C1F«0+T  and  CiFtO~ 1 
could  be  detected  in  the  spectra  of  liquid  or  solid  CtFaO. 

Thannodjuamic  Properties. — The  thermodynamic 
properties  were  computed  with  the  molecular  geometry 
and  vibrational  frequencies  given  above  assuming  an 
ideal  gas  at  1 atm  pressure  and  using  the  harmonic- 
oscillator  rigid-rotor  approximation.1*  These  prop- 
erties are  given  for  the  range  0-2000° K in  Table  VII. 

Acknowledgment. — The  authors  wish  to  express 
their  gratitude  to  Dr.  D.  Pilipovich  for  continuous 
encouragement  of  this  work  and  stimulating  discus- 
sions, and  to  Mr.  R.  D.  Wilson  for  his  help  in  the  prepa- 
ration of  some  of  the  samples.  We  are  indebted  to  Dr. 
J.  Cape  of  the  Science  Center  of  North  American 
Rockwell  Corporation  for  the  use  of  the  Raman  spec- 
trophotometer. This  work  was  supported  by  the  Office 
of  Naval  Research,  Power  Branch,  and  by  the  Air 
Force  Office  of  Scientific  Research,  Office  of  Aerospace 
Research,  U.  S.  Air  Force,  under  Contract  AF  49(038)- 
1734. 

(28)  1 E.  UmTt.  Md  W.  G.  M*y*r.  "BUOUUcal  IfacfcMte*."  WiUy. 
N«w  Yo»k,  N.  Y..  1940 


( ' 


88 


I 

t I 

[ i 

1 [Rsprintad  from  Inorganic  Chemistry,  11,  2201  (1972).) 

; . Copyright  1972  by  th*  American  Chemical  Society  snd  reprinted  by  permission  of  the  copyright  owner. 


£ 


f 

I 


i 

i 


i; 


f 


l 

? 

t 


Cotmut/TtON  nau  Rociuztdynb,  A Division  or  Nokth  Amimcam  Rockwell  Coinuiiom, 

Canooa  Paul,  Calukmdma  9130* 


Chlorine  Trifhioride  Oxide.  IV.  Reaction  Chemistry 

By  C.  J.  SCHACK,*  C.  B.  LINDAHL,  D.  PILIPOVICH,  and  K.  O.  CHR1STE 
Rutticti  Scpitmbtr  8, 1971 

Reactions  of  chlorine  trifluoride  oxide,  ClFjO,  with  Cl«,  CliO,  C!OSO»F,  NiF4,  HNFi,  and  NFjCFO  are  reported.  In  there 
reaction*,  ClFjO  either  fluorinate*.  oxygenates,  or  both  oxygenates  and  fluorinates  the  substrates.  The  interaction  of 
C1F»0  with  PtF,  is  also  described.  In  this  reaction,  C1F,0  liberates  Ft  and  forms  the  new  complex,  ClFsO+PtF«".  Char- 
acterising data  for  the  complex  are  given. 


Introduction 

In  the  preceding  papers,1-'  we  reported  the  prepara- 
tion and  properties  of  the  new  chlorine  oxyfluoride, 
CIF;9.  Since  ClFj  is  a powerful  oxidative  fluorinating 
agent,  it  was  anticipated  that  C1F«0  would  be  similarly 
reactive  as  a fluorinating,  as  well  as  an  oxygenating 
agent.  This  paper  describes  some  of  the  reaction 
chemistry  of  C1F»0. 

Experimental  Section 

Apparatus. — Experimental  techniques  used  in  these  studies 
were  essentially  the  same  as  those  described  elsewhere.1-*  Debye- 
Scherrer  powder  patterns  were  taken  using  a Philips  Norelco 
instrument,  Type  No.  12046,  with  copper  Ka  radiation  and  a 
nickel  filter.  Samples  were  sealed  in  quarts  capillaries  (~0.5 
mmo.d.).  Cas  chromatographic  analyses  were  performed  using 
the  method  of  Dayan  and  Neale.1 2 3 4 5  A Hanovia  utility  lamp 
(catalog  no.  30620)  was  used  for  the  photolyses. 

Material*. — The  preparation  and  purification  of  ClFjO,  CiiO, 


(1)  D.  Pillpovicb,  C.  B.  Lindahl,  C.  J.  Schack,  X.  P Wilton,  and  K.  O. 
Cbriatc,  Inot  ,.  Chtm.,  11,  21W  (1972). 

(2)  D.  Pilipovich.  X.  H.  H.  Kogcri,  and  l>.  Wilton,  iM„  la,  2192  (1972). 

(3)  K.  O.  Cbri.te  and  B.  C.  Curtia.  Hid.,  11,  S19«  (1972). 

(4)  K.  O.  Cbriru,  C.  J.  Schack.  and  D.  Pilipovich,  ikU  , 11,  2908  (1972). 

(5)  V.  H.  Dayan  nad  B.  C.  Netia,  Adlan.  Ch.-m.  Sir..  Ko.  U,  233  (19M). 


ClOSOiF,  HNFi,  and  NF.CFO  are  described  elsewhere.1.'-* 
Chlorine  (Mathcson  Co. ),  tetrafluorohydrasinc  (Allied  Chemical 
Corp.),  and  platinum  hexafluoride  (Oxark  Mahoning  Co.)  were 
purchased  and  purified  by  fractional  condensations. 

Reactions  of  Chlorine  Trifluorid#  Oxide.  With  Chlorine. — At 
room  temperature,  chlorine  and  C1F»0  do  not  interact.  An 
equimolar  mixture  (100  cm1,  4.46  mmol  each)  of  the  two  when 
heated  at  200*  for  16  hr  in  a 30- ml  stainlesa  steel  cylinder  did 
result  in  complete  consumption  of  the  C1F«0.  The  product* 
were  separated  by  fractional  condensation  at  —142  and  —196* 
and  analyzed  by  infrared  spectroscopy  and  gas  chromatography. 
Chlorine  monofluoride  was  the  principal  product  (262  cm1,  11.7 
mmol)  with  only  a small  amount  of  CtO«F  (6.7  ent*,  0.3  mmol) 
and  unreactcd  Cl«  (15.7  cm1,  0.7  mmol)  being  observed.  Non- 
com!  disables  (Ot)  were  also  produced.  When  kept  at  100*  for  2 
days,  CiFiO  reacted  with  Cli  only  partially  (~30%)  to  give  ClFs, 
CiF,  and  ClOtF  os  the  major  reaction  products. 

With  Dichiorins  Monoxide. — Chlorine  trifluoridc  oxide  (76.6 
cm*,  3.42  mmol)  and  an  equal  quantity  of  C1«0  were  separately 
condensed  at  —196°  into  a Kel-F  reactor  fitted  with  a Teflon 
valve.  (Previous  experiments  in  stainless  steel  cylinders  re- 
sulted in  extensive  decomposition  of  the  CliO,  apparently  due  to 


(6)  C.  J.  Schack  sad  B.  C.  Lindahl,  Im*,.  Null.  Ckim.  Lrtt.,  S,  3*7  (19S7). 

(7)  C.  J.  Schack  and  K.  D.  Wilson,  I nor,.  Chi m.,  t,  311  (1970). 

(8)  B.  A.  Lawton.  B.  F.  C.  Cain,  D.  F.  8hn*haa,  nod  M.  O.  Warnar, 
J.  I no,,  Null.  Chtm.,  IT,  188  (1981). 

(9)  O.  W.  Fraser  and  J.  M.  Sbrcwvs,  Inert.  Chtm.,  4,  1497  (19M). 
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reaction  with  the  fluorioated  metal  surface.)  The  reactor  was 
allowed  to  warm  slowly  to  ambient  temperature.  After  a total 
reaction  period  of  15  hr,  the  sample  was  separated  by  fractional 
condensation  at  —95,  —112,  — 142,  and  — 196°.  Unreacted 
C1.0  and  C1F,0  were  recovered  (134  cm*.  5.98  mmol  total), 
together  with  CIF  (17.5  cm*,  0.78  mmol)  and  ClOtF  (10.3  cm*, 
0.46  mmol). 

With  Chlorine  Fluor oaulfate. — Equimolar  amounts  (3 4.2  cm', 
1.53  mmol)  of  ClF,0  and  ClOSOtF  were  separately  condensed 
into  a prepassivated  10-ml  stainless  steel  cylinder  at  —196°. 
The  cylinder  was  allowed  to  warm  to  ambient  temperature  and  to 
stand  for  5 days.  The  reaction  products  were  separated  by 
several  fractional  condensations  in  a series  of  U traps  cooled  to 
—80,  —95,  —142,  and  -196°.  Some  unreacted  ClFtO  was 
found,  but  all  the  ClOSOtF  had  been  consumed.  The  materials 
formed  were  SO,F,  (13.0  cm',  0.58  mmol),  SrOjFj  (9.17 cm', 0.43 
rantol),  CIF  (26.8  cm',  1.20  mmol),  and  ClO,F  (24.0  cm',  1.07 
mmol). 

With  Tetrafiuorohydrczine. — At  ambient  temperature,  cltlorine 
trifluoridc  oxide  aud  N,F«  do  not  react.  An  equimolar  mixture 
of  the  two  (99.4  cm',  4.44  mmol  each)  was  heated  in  a stainless 
steel  cylinder  at  130°  for  65  hr  before  separating  the  products  by 
fractional  condensation.  No  unreacted  N’|F,  was  recovered,  but 
45.7  cm'  of  ClFtO  (2.04  mmol)  remained.  The  principal  nitro- 
gen containing  product  was  NF’»  (120  cm',  5.35  mmol),  some  of 
which  may  liave  been  lost  by  incomplete  condensation  in  the  trap 
cooled  to  -100°.  Nitrosyl  fluoride  (02.0  cm',  2.80  mmol)  and 
CIF  (53.8  cm',  2.40  mmol)  were  also  obtained  along  with  trace 
amounts  of  FNOi,  NFiO,  and  CIO,!-'.  At  100°  for  24  hr,  C1K.O 
and  N'|F,  reacted  in  the  same  fashion  but  somewlutt  less  than  lialf 
the  NsF«  was  consumed . 

Photolysis  with  Tetrafluorohydrazlns.—  Measured  amounts  of 
C1F.O  (85.6  cm*.  3.82  mmol)  and  N,F«  (48.0  cm'.  2.14  mmol) 
were  condensed  into  a stainless  steel  cylinder  cooled  to  —196°. 
The  cylinder  was  equipped  at  its  upper  end  with  a uv  grade  sap- 
phire window  (6-in  diameter).  After  wurming  to  ambien'  tem- 
perature, the  contents  ot  the  cylinder  was  irradiated  for  2 hr  with 
a Hanovia  utility  lamp  before  separating  the  product*.  Multiple 
fractional  condensations  through  U-traps  cooled  to  —78,  —95, 

— 142,  and  —196°  were  used  for  this  purpose.  Considerable 
amounts  of  unreacted  C1F,0  (00.2  cm*,  2.69  mmol)  were  re- 
covered, but  all  the  N,l;,  had  been  consumed.  The  products 
were  NF,  (68.5  cm’,  3.06  mmol),  FNO  + FNO,  (15.6  cm*,  0.69 
mmol),  CIF  (23.2cm*,  1.04  mmol), and  OF,  (2.3 cm',  0.10  mmol) 
The  chlorine  trifluoride  was  isolated  with  an  equivalent  amount 
of  FNO  owing  to  the  formation  of  the  NO'CIFV  complex"  in 
the  trap  cooled  to  —78°.  The  discrepancy  in  the  nitrogen  mate- 
rial balance  for  the  reaction  is  ascribed  to  the  incomplete  con- 
densation of  NF'i  at  — 196°  since  tlo  solid  residues  were  observed 
in  the  reactor.  Mixtures  of  C1F«0  and  N«F«  were  also  irradiated 
in  a cylinder  with  a l-tn.  diimeter  sapphire  window.  In  these 
experiments,  very  littl-  reaction  occurred  even  with  prolonged 
irradiation  (2  days)  and  approximately  (Ml")  of  the  reactants  was 
recovered . The  product*  were  WFiO,  NF»,  "•'NO,  CIF,,  and  CIF". 

With  Dlfluoramine  (Cauiioi!)"  and  Difluoramiuocerbonyl 
Fluoride. — A Kel-F  reactor  fitted  with  a Teflon  valve  was  used 
to  avoid  the  incompatibility  problems  of  ClFiO  (r.n<!  generated 
HF)  with  glass  and  HNF,  with  metal.  From  the  glass  line,  HNF, 
(61.0  cm*,  2.72  mmol)  was  loaded  at  —142°,  and  after  attach- 
ment of  the  container  to  the  metal  line,  ClFaO  (35.9  cm',  1.60 
mmol)  was  condtiirtd  in  at  the  same  temperature.  The  closed 
reactor  was  wanned  to  —78*  for  15  min  before  fractionation  in 
the  metal  line  wa,  started  through  U traps  cooled  to  —78,  —95, 

— 142,  and  —196*.  The  two  warmest  traps  conutintd  HF  (uot 
measured)  and  ClFjO  (8.1  cm1',  0.30  mmol).  The  —142*  frac- 
tion was  an  approximately  equimolar  mixture  of  ClOaF  and  Cl0 
(total  6.2  cm',  0.28  mmol)  with  a trace  of  CIF,,  The  —106* 
fraction  consisted  of  NF,0  (10.5  cm*,  0.87  mmol),  NFiCS  (19. 4 
cm',  0.87  mmol),  and  N,F4  (10.0cm',  0.45  mmol).  No  unreuctsd 
HNFi  was  observed,  althoug'  the  NiF,  may  have  arisen  in  pnrt 
from  the  decomposition  of  HNF,  in  the  metal  system  during  work- 
up. 


(10)  K.  I).  Whllewy,  K.  O.  MuUru.  T.  J.  Sfvrluy,  anti  C.  K.  Fu*li\ 
J.  Amtr.  Cktm.  Soc..  «,  4340  UWM). 

(11)  r ott/toN ! DifluovauUue  should  not  be  cooled  beluw  — W2*  because 
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addition,  chlorine  fluoiidea  or  axyfluorldea  muri  be  free  froia  chloriae  oxide 
Impurities  for  reactioae  with  difluoramiae  xinev  xuch  impurittea  often  couse 
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A similar  reaction  was  observed  between  excess  ClFtO  and 
NFtCFO  (40  cm*,  2.05  mmol).  However,  in  this  case,  the 
predominant  N-F  product  was  NtF«  (18cm*,  0.8  mmol)  and  COF, 
(46  cm*,  2.05  mmol),  with  much  less  NF«0  and  NF,C1  (~5  cm* 
each). 

With  Platinum  Hexafluoride. — Platinum  hexafluoride  (32.2 
cm*,  1.44  mmol)  and  ClFtO  (48.4  cm',  2.16  mmol)  were  com- 
bined at  —196*  in  a prepassivated  10-ml  Monel  cylinder.  The 
contents  of  the  cylinder  was  allowed  to  warm  up  slowly  to  room 
temperature  and  was  kept  at  tbit  temperature  for  15  hr.  Subse- 
quently, the  cylinder  was  cooled  to  —196*  and  14.8  cm*  (0.66 
mmol ) of  material  volatile  at  — 196*  was  removed.  The  volatile 
material  was  identified  us  Ft  by  its  vapor  pressure  at  — 196*  and 
mass  spectrum.  The  contents  of  the  cylinder  was  allowed  to 
warm  to  ambient  temperature,  and  14.8  cm*  (0.66  mmol)  of 
volatile  material  was  removed  at  this  temperature  which  con- 
sisted , according  to  its  infrared  spectrum,  of  ClFtO.  The  cylinder 
was  opened  in  the  glove  box  and  contained  0.67  g of  a bright 
yellow  solid,  which  was  identified  by  vibrational  spectroscopy  as- 
ClF,0+l*tF»-.  Therefore,  PtFi  (1.44  mmol)  had  reacted  with 
Cli-'tO  (1.50  mmol)  in  a mole  ratio  of  1 : 1.04,  producing  Ft  (0.66 
mmol)  and  the  solid  complex,  ClF*0*PtF*“. 

Results  and  Discussion 

Chlorine  trifluoride  oxide  reacts  with  numerous 
materials  causing  oxidation  through  both  fluorination 
and  oxygenation.  With  hydrogen-containing  species, 
these  reactions  may  occur  at  quite  low  temperature 
and  with  hydrocarbon-type  compounds  are  generally 
explosive.  However,  many  chlorine,  fluorine,  or 
oxygen  substituted  compounds,  even  with  lower  valent 
central  atoms,  react  only  slo’dy  at  ambient  tempera- 
ture, or  not  at  all.  Thus,  no  reaction  was  observed  at 
room  temjierature  between  ClFtO  and  chlorine,  chlo- 
rine fluorides,  chlorine  oxyfluorides,  and  the  nitrogen 
fluorides,  FNO,  FNO,,  NF,,  and  NiF«.  However, 
elevated  temperatures  or  uv  photolysis  have  resulted  in 
appreciable  reaction  of  all  compounds  examined. 

Reactions  of  chlorine  and  ClFtO  were  carried  out  as  a 
means  of  assessing  the  jfossible  courses  by  which  the 
oxyflm.'ride  might  undergo  reduction.  Basically,  this 
could  occur  through  fluorination  or  oxygenation  of  the 
Cl*  starting  material.  A controllable  fluorination 
reaction  would  be  particularly  desirable  since  it  might 
yield  the  unknown  compound,  FCIO.  Whereas  at  26°, 
no  interaction  was  detected,  at  200°  the  following  reac- 
tion occurred 

ClFtO  + Cl,  — ► 3C1F  + 0.50, 

It  is  tempting  to  interpret  this  equation  in  terms  of  di- 
rect oxygen  elimination  from  ClFtO,  followed  by  equil- 
ibration11 of  ClFj  and  Cl*  to  CIF.  However,  the  fol- 
lowing evidence  suggests  the  participation  of  chlorine 
in  the  initial  reduction  step:  (1)  C1F*0  alone  does  not 
undergo  substantial  thermal  degradation  under  these 
conditions;1  and  (2)  experiments  at  lower  temperature 
showed  CIF,,  CIF,  and  ClOjF  as  major  reaction  prod- 
ucts. These  results  might  be  rationalized  by  as- 
suming the  following  reaction  sequence  involving 
FCIO  os  an  unstable  intermediate. 

2C1F.O  + 20,  — t»  2IFC10]  -f  4C1F 
2 [FCIO]  — ► ClOjF  + OF 
OO.F  — ► CIF  + O, 

2C1F,0  + 20,  — ► 0C1F  + O, 

The  thermal  decomposition  of  C10*F  in  quartz  to  CIF 

(12)  H.  SchtoiU  tod  H.  J.  SchftniAcbtr,  t.  Naiurfonck.  A,  t,  350  (1047), 
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and  Oi  has  previously1*  been  demonstrated.  The  fact 
that  this  reaction  appears  to  proceed  in  our  experiments 
at  lower  temperature  might  be  explained  by  the  cat- 
alytic influence14  of  metal  fluorides.  As  an  alternative, 
the  decomposition  of  the  unstable  FCIO  may  vary  with 
reaction  temperature.  Thus,  at  lower  temperature, 
FCIO  might  decompose  to  C10.F  and  C1F,  whereas  at 
higher  temperature  it  might  yield  directly  C1F  and  O*. 
The  assumption  of  an  unstable  FCIO  intermediate  is 
reasonable.  Numerous  chlorine  fluoride  reaction  sys- 
tems, such  as  ClF,-HjO,14  CIF.-HONO,,1*  or  C1F.O- 
Cl.O  (see  below),  are  best  interpreted  by  assuming  the 
forma' ion  of  an  unstable  FCIO  intermediate.  In 
addition,  our  repeated  efforts  to  synthesize  and  isolate 
a stable  FCIO  moiety1*  have  been  unsuccessful. 

Chlorine  monoxide  and  ClFiO  reacted  slowly  at 
room  temperature.  The  use  of  an  inert  material  for 
the  reactor  (Kel-F)  allowed  the  course  of  the  reaction  to 
be  determined  without  extensive,  interfering  side  reac- 
tions. 

CIF.O  + CUD  — ► 2CIF  + ClOiF 

Again,  the  fluorination  of  a chlorine  atom  (of  0,0) 
appears  to  be  a plausible  first  reaction  step,  followed  by 
the  formation  and  decomposition  of  an  unstable  FCIO 
intermediate  (see  above).  This  reaction  of  CliO  and 
C1F.0  may  also  account,  at  least  in  part,  for  the  less 
than  theoretical  yields  of  ClF'jO  in  its  synthesis  from 
Cl.O.1 

Chlorine  fluorosulfate  and  ClFjO  reacted  at  ambient 
temperature  forming  the  products  described  by  the 
following  equations 

C1F,0  + 2CIOSO.F  — ► S.O.F,  + C10.F  + C1F 
CIF.O  + ClOSOjF  — ► SO1F1  + CIO.F  + C1F 

which  account  for  GO  and  40%,  resjrectively,  of  the 
ClOSOiF  consumed.  The  formation  of  SjOiF.  ob- 
viously involves  a complex  process,  including  at  some 
point  the  abstraction  of  oxygen  from  the  SO,F  group. 
Indeed,  the  failure  to  find  either  S.O.F,  or  SOjFj  as  prod- 
ucts suggests  that  SOjF  radicals  are  not  involved  in  the 
reaction.  Further,  it  appears  that  the  overall  process 
may  be  quite  similar  to  that  noted1  in  the  preparation 
of  C1F.0  from  Cl-O-X  species  (where  X is  any  other 
radical,  such  as  Cl,  NO,,  or  SO,F).  Namely,  fluorina- 
tion of  the  chlorine  atom  of  the  hypochlorite  group 
facilitates  O -X  bond  rupture  in  preference  to  the  Cl-O 
bond  breaking  process.  Such  a mechanism  would 
yield  SO,F  radicals  which  can  either  be  fluorinated  o 
SOjF,  or  can  react  with  additional  C10S0,F  to  g<  e 
SiOjF,.  However,  direct  fluorination  at  the  sulfur  of 
ClOS0,F  cannot,  be  excluded  as  an  alternate  route  to 
S0,F,.  The  chlorine  compounds  produced,  C1F  and 
CIO.F,  are  again  the  same  as  those  generally  obtained 
from  ClFjO  on  reaction  with  Cl-O-containing  com- 
pounds as  expected  for  an  unstable  FCIO  intermediate. 

Tetrafluorohydrazine  and  C1F,0  reacted  at  an  ap- 
preciable rate  only  above  100°.  Nitrogen  trifluoride 
and  nitrosyl  fluoride  were  obtained  in  fair  agreement 
with  the  stoichiometry  shown. 

ClFiO  + 2N,F,  — *-  3NF,  + FNO  + CiF 

(13)  M.  J.  Heraa,  P.  J Aymonino.  end  H.  J.  Scbumacber,  Z.  Pkyi. 
(km.  (Frankfurt  am  Main),  tS,  101  ( 1 060). 

(14)  K.  Bouton,  M.  Cerlee,  end  J.  Aubert.  C.  X.  Arad.  M.,  Str.  C.  m 
178  (1887). 

US)  K.  O.  Cbrixc.  Inotf.  Cktm.,  11,  1220  (1972). 
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The  nitrogen  fluoride  products  are  the  result  of  oxy- 
genation  and  fluorination  by  ClFiO.  Overall,  the 
reaction  is  quite  similar  to  that  reported"  for  N.F*  and 
OF,  which  also  yielded  NF,  and  F'NO  in  a 3:1  ratio. 
Only  a trace  of  the  more  highly  oxidized  nitrogen  fluo- 
ride, NFjO,  was  observed.  However,  this  indicate  that 
alternate  conditions  might  more  fully  take  advantage  of 
the  ability  of  C1F.0  to  fluorinate  and  oxygenate.  To 
this  end,  ultraviolet  irradiations  of  N,F«-C1F,0  mix- 
tures were  carried  out.  It  was  found  that  limitation  of 
the  intensity  of  the  uv  irradiation  (through  the  use  of  a 
small  reactor  window,  1-in.  diam)  allowed  greater 
amounts  of  NF,0  to  be  formed  than  in  the  thermal 
reaction.  But  these  quantities  were  still  small,  about 
5 mol  %/mot  of  N*F«.  Increasing  the  window  area 
(and  hence  the  admitted  light)  by  a large  factor  led  to 
complete  conversion  of  the  N,F<  to  NF,,  FNO,  and 
FNO,.  No  attempts  were  made  to  maximize  condi- 
tions for  oxidizing  N.F.  to  NF,0  using  C1F,0. 

Chlorine  trifluoride  oxide  and  difluoramine  under- 
went smooth,  fast  reaction  at  temperatures  where  pure 
C1F,0  is  a solid.  Three  N-F-containing  compounds, 
NF,0,  C1NF»,  and  N,F«,  were  formed  and  the  first  two 
of  these  were  always  produced  in  nearly  equimolar 
amounts.  Thus,  the  major  reactions  may  be 

C1F.O  + 2HNF,  — ► [FCIO]  + 2HF  + 2tiF,- 
2NF,  ■ + [FCIO]  — ► NF.C1  + NF.O 

C1F.O  + 2HNF,  — 4-  NF.Cl  + NF.O  + 2HF 
accompanied  by  the  following  competing  reactions 
2NF,-  — ► N,F« 

2 [ FCIO)  — ► ClOjF  + CIF 
CIF  + HNF,  — ► HF  + NF.Cl 

21FCIO]  + HNF,  — ► ClOtF  + NF.Cl  +-  HF 

The  high  yield  of  NF,0  (70%  based  on  C1F,0  con- 
sumed) noted  here  is  remarkable  when  compared  to 
previously  reported17-1*  and  unreported1*-*0  yields  ob- 
tained under  a variety  of  conditions. 

The  reaction  between  difluoraminocarbonyl  fluoride, 
F,NCFO,  and  C1F,0  yielded  again  NF,0  and  C1NF*  in 
nearly  equimolar  amounts.  However,  the  yields  were 
much  lower  (20%  based  on  C1F,0  consumed)  with  N,F« 
being  the  main  N-F  containing  product.  By  analogy 
with  the  HNFi-ClF,0  reaction  (see  above),  the  following 
reaction  sequence  might  be  proposed 

CIF.O  + 2F.NCFO  — ► 2COF,  + [FCIO]  + 2NF»- 

2NF,-  + [FCIO]  — p-  NF.Cl  + NF.O 

CIF.O  + 2F.NCF0  — ► NF.Cl  + NF.O  + 2C0F, 

with  the  competing  reactions  being  identical  with  those 
written  for  the  C1F.O-HNF.  reaction. 

The  formation  of  the  C1F.O+  cation  by  the  reaction 

(It)  M Kub(B>Llo.  }.  K.  Sicrc,  nod  H.  J.  Schumacher.  Z.  Pkyt.  Cktm. 
(Frankfurt  am  Uain\  U,  61  (1894). 

(17)  (a)  N.  Bartlett,  J.  P.umorc,  and  E.  J.  Well.,  Cktm.  Commuu.,  21S 
(1866),  (b)  N.  Bartlett  and  S.  P.  Beaton,  ikii.,  167  (1866);  (c)  N.  Bartlett. 
S.  F.  Beaton,  and  N.  K.  lha,  ikii..  168  (1966). 

(18)  W.  B.  Fox,  ft  al..  J.  Amtr.  Cktm.  Soc..  *6,  8604  (1966). 

(19)  B.  A.  Lawton  and  0.  Pillpovtcb,  U.  3.  Patant  3,806,016  (April  7, 
1970),  BriUab  Patent  1.104.711  (Feb  16,  1966). 

(20)  Juat  ae  Bartlett  and  coworker*  (bowed  that  PtFe  or  OeF»  reacts  with 
FNO  to  (iva  low  or  trace  amount*  of  NFiO,  *o  aleo  CIF,  a ad  FNO  bava  bean 
not  ad  to  form  eUfht  amounte  of  NFiO:  D.  PiHpovleh  and  H.  F.  Bauer,  un- 
publiabed  raeulte. 
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Figure  1— Infrared  spectrum  of  solid  C!F»Q*PtF«"  as  AgCJ  disk. 


SUQUINCy 


Figure  2. — Raman  spectrum  of  solid  ClF»0+PtF» ' at  three  dif- 
ferent recorder  voltages:  exciting  line  (W71  A;  spectral  slit 
width  for  curves  A and  B 8 cm"1;  for  curve  C 2 cm"1. 

of  ClFiO  with  strong  Lewis  acids  is  rejwrted  else- 
where.4,11  The  same  cation  was  found  to  result  from 
the  interaction  of  platinum  hexafluoride  and  C1F»0, 
according  to 

C1F.O  + FtF«  — ► ClFtO+PtF«"  + 0.5F, 

While  all  the  reactions  described  earlier  in  this  report 
showed  ClFcO  functioning  as  an  oxidizing  agent,  here  it 
can  be  seen  that  platinum  hexafluoride  is  the  more 
powerful  oxidizing  agent.  However,  the  oxidation  is 
confined  to  one  of  the  fluorine  ligands  of  ClFiO  and  does 
not  affect  the  oxidation  state  of  the  chlorine  central 
atom  which  would  result  in  the  most  interesting  ClF»0 
molecule.  All  the  PtF»  reacted  and  excess  ClFiO  was 
recovered  unchanged. 

The  bright  yellow,  crystalline  solid,  ClFiOs  PtFi_, 
was  characterized  by  vibrational  spectroscopy. 
Figures  1 and  2 show  the  infrared  and  Raman  spectrum, 
respectively,  of  the  solid.  Table  I lists  the  observed 
frequencies  together  with  their  assignment.  AU  bands 
expected  for  CIFjO+ n have  been  observed  with  proper 
frequencies  and  intensities.  In  addition  to  the  C1F|0  + 
bands,  the  vibrational  spectrum  shows  the  bands  char- 
acteristic” for  PtFe~.  Consequently,  the  solid  ob- 
tained from  the  ClF|0-PtFt  reaction  has  the  ionic  com- 
position C1F»0  +PtF«~. 

The  X-ray  powder  diffraction  pattern  of  C1F,0+- 
PtF«~  is  listed  >n  Table  II.  The  observed  lines  were 


(21)  X.  O.  ChrUte,  E.  C.  Cur'd,  and  C.  J.  Scbmck,  Inort-  Ckt m„  11,  2212 
(1072). 

(22)  N.  BurtUtt,  Angrw.  Cktm.,  Ini.  Bd.  EufC.  T,  423  (1988);  K.hdMt 
aad  S.  P.  Beaton,  t hem.  Commutt.,  167  (1966). 


Taslb  I 

VmkATioNAL  Srascnuu  or  ClFiO  vPtF,"  and  Its 
AaauNKSNT  Coktaud  to  That  or  ClF«O^AiF,"  * 


06**rv»d  Inquucy,  cm 

Alri|l«iMH 

Ir 

'VlSU 

Xr 

tuu 

im  C*) 

1326  ms 

1324  (0.6)*  1331  ms 

1333  (2)* 

n(A')  -a 

ki(K')  »ci 

1313  mw 

1311  (0.2) 

1319  mw 

1320  (1) 

737  s 

737  (2.7) 

750  br,  s 

757  br  (3)  *(A') 

705  s 

705  (0.8) 

695  vs 

596  (1) 

s»(A") 

643  vs 

630  sh 

658  (4.2)1 
630  (10)  I 

595  vs 

674  (10)| 

575  sh  1 

675  sh,  w 

| XF." 

564  s 

564  (2.9)j 

561  ms 

663  (3)  J 

508s 

506  (0.5) 

509  ms 

611  (2) 

n(A') 

401  ms 

401  (0.7) 

407  i 

388  s 

406  (2) 

»*(A") 

XF." 

386  ms 

386  (0.2) 
280  (0.3) 
239  (7.9) 
140  (0.3)' 
115  (0.2) 
58  (1.0) 

378  sh 

378  sh 
371  (4) 

v.(A') 

XF," 

LatUce 

modes 

* K.  O.  Ctiriste,  E.  C.  Curtis,  and  C.  J.  Sc  hack,  Incrg.  Cktm., 
11,  2212  (1972).  1 Uucorrected  Raman  intensities. 


Table  II 


X-Rav  Powder  Data  ton  ClFiO  vPtF«~ 

X.  A 


Obud 

Cskd 

IaUaaifty 

kkt 

7.43 

7.43 

mw 

no 

6 47 

6.50 

m 

in 

4.95 

4 97 

mw 

200 

4 25 

4.26 

VI 

201 

4 (W 

4.10 

s 

002 

3 72 

3 70 

mi 

030 

3 01 

3.60 

vw 

112 

3.38 

3 37 

w 

031 

3.31 

3.31 

s 

300 

3.17 

3 17 

m 

310 

3.02 

3.04 

w 

212 

2 98 

2.99 

mi 

231 

2.80 

2 85 

w 

320 

2.77 

2.78 

m 

040 

2 60 

2.67 

m 

302 

2.48 

2.49 

m 

400 

2 33 

2.34 

mw 

322 

2.20 

2.20 

mi 

223 

2.14 

2.16 

vw 

051 

2.07 

2.07 

vw 

313 

2.04 

2.03 

ni 

250 

1 99 

1.99 

mw 

600 

1 93 

1.93 

mi 

501 

indexed  on  the  basis  of  an  orthorhombic  unit  cell  with 
a - 9.94,  b “ 11.12,  and  c •»  8.21  A.  Assuming  that 
the  volume  of  the  oxygen  atoms  will  be  comparable  to 
that  of  the  fluorine  atoms,  and  neglecting  contributions 
from  the  highly  charged  central  atoms  to  the  volume 
(as  suggested  by  Zachariasen”*4),  an  average  volume 
of  17-18  A*  can  be  expected  for  each  fluorine  or  oxygen 
atom  in  ClFjO+PtF«",  Thus,  values  of  17.8  and  17.0 
A*  have  been  reported  for  IF*+AsFi_  *-  and  NF4+- 
AsF«~,“  respectively.  Based  on  this  assumption,  one 
can  deduce  six  molecules  per  unit  cell  for  ClF»0+PtF«-, 
resulting  in  an  average  volume  of  16.81  A*  per  F or  0 
atom.  The  powder  pattern  of  ClFjO+PtF*~  is  similar 


(22)  W.  K.  ZucharUs’u.  J.  Amtt.  Cktm.  Sot.,  TO,  2147  (1048). 

(24)  F K.  KUinfcr  and  W.  H.  Z*chariu«B,  7.  Pkyt.  Cktm.,  H,  403 
(1954). 

(23)  K.  O.  CtarUU  u4  W.  Sawadny,  [note-  Cktm.,  «,  1783  (1087). 

(28)  K.  O.  CbrtoU.  J.  P.  Ounrtln,  »d  A.  K.  Ptviatk,  tm»f.  Ntut.  Cktm. 

LtU.,  s,  83  (1086). 
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to  that  observed®  for  C!Oi+AsF«-.  The  latter  has  a 
tetragonal  unit  cell  with  a - 10.39  and  c - 8.03  A. 
The  unit  cell  of  CLFiO+PtF»-  might  be  derived  from  the 
C10j+AsF«~  cell  by  assuming  orthorhombic  distortion 
due  to  the  lower  symmetry  of  the  ClFjO  + cation.  Fur- 
ther evidence  for  the  formulation  of  the  solid  as  ClFjO +- 

(37)  K.  O.  Chriao,  C.  J.  Scfcack.  D.  PiUpovlcb.  aod  W.  Sawoday  /ao»i 
Ck*m.,  I,  24*8  US«8). 
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PtF,-  can  be  deduced  from  the  fact  that  the  X-ray 
powder  diffraction  patterns  of  ClF»0+AsF,- 4 and 
ClFjO +PtF4-  are  almost  identical. 
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Chlorine  Trifluoride  Oxide.  V.  Complex  Formation  with  Lewis  Acids  and  Bases 

Bv  KARLO.  CHR1STE,*  CARI.  J SCHACK,  and  DONALD  HLIPOVICH 
Rectum!  September  S,  1971 

Chlorine  trifluoride  oxide,  CIF.O,  exhibits  amphoteric  cliaracter.  With  the  strong  Lewis  bates  CaP.  RbF,  and  KF  it  forma 
the  stable,  white,  crystalline  adducts.  CsF  CIF.O,  RbF -CIF.O,  and  KF-C1F.O,  respectively.  With  the  weaker  base 
FNO  it  neither  forms  a complex  nor  chemically  interacts  at  temperatures  as  low  as  - 96*.  With  the  Lewis  acids  SbF.,  AsF(, 
and  UF,  it  forms  white,  crystalline  1 : 1 adducts,  whereas  with  SiF«  it  forms  a 2 1 adduct.  The  thermal  stability  of  these 
adducts  decreases  in  the  order;  CIF.O-SbF,  > CIF.O ■ A“l‘\  > CIF.O-BF.  > (ClFjOh'SiF*.  The  dissociation  pressure- 
temperature  relation  lias  been  measured  and  thermodynamic  data  art  calculated  for  the  process  (CIF.O  ),'SiF.(s)  ~ 2ClF,0(g) 
+ S»F,(g).  The  tendencies  of  adduct  formation  arc  compared  for  ClKiO,  C1F,.  OO.F,  C1F.,  and  C1F  and  are  correlated 
with  the  structural  stability  of  the  halogen  fluorides  and  their  corresponding  ions. 


Introduction 

Halogen  fluorides  and  oxyfluorides  generally  exhibit 
amphoteric  character.1 2 3 4 * * 7  Consequently,  we  considered 
that  ClFjO  might  also  form  complexes  with  strong 
Lewis  acids  and  bases.  In  this  puper  we  report  on  the 
syntheses  and  some  of  the  projierties  of  a number  of 
adducts  derived  from  ClFjO. 

Experimental  Section 

Materials  and  Apparatus. — Experimental  techniques  used  in 
these  studies  were  essentially  the  same  as  those  described  else- 
where.*'* The  preparation  and  purification  of  CiF.O  and  FNO 
are  described  rlswhere  .*-T  The  alkali  nietul  fluorides  were  fused 
in  r platinum  crucible  and  powdered  in  a dry  box  prior  to  use. 
Arsenic  pentafluoride  (from  Ozark  Mahoning  Co.),  BF,,  and 
SiF«  (both  from  the  Matheson  Co.)  were  purified  by  fractional 
condensation.  Antimony  pentafluoride  (from  Ozark  Mahoning 
Co.)  was  purified  by  vacuum  distillation  at  ambient  temperature. 
The  purity  of  the  volatile  starting  materials  was  determined  by 
measuremets  ol  their  vapor  pressures  and  infrared  spectra. 

Preparation  of  Alkali  Mstal  Fluoride  -C1F,0  Adduct*. — Dry  CsF 
(60.0  mmol)  was  p'eced  into  a 90-ml  prepassivated  Monel  cylin- 
der, and  purified  CIF.O  (106.4  mmol)  was  added  at  —196*. 
The  cylinder  was  kept  at  ambient  temperature  for  30  days. 
Unreacted  C1F,0  (40.6  mmol)  was  removed  in  to cuo  and  identi- 
fied by  its  infrared  spectrum.  The  cylinder  was  opened  in  the 
glove  box  and  contained  17.1  g of  a stable,  white,  crystalline 
solid  (weight  calculated  for  Cs+CIF,0~,  17.18  g).  Therefore, 
CsF  (66.0  mmol)  had  reacted  with  C1F,0  (66.9  mmol)  in  a mole 
ratio  of  1 ; 0.998  producing  the  complex  Cs+CIK<0". 

Similarly,  RbF  (92.0  mmol),  when  combined  with  CIK.O  (93.6 
mmol)  at  —196*  and  shaken  at  ambient  temperature  for  2 days, 


(1)  L.  Steis  In  "Hatofta  Chemistry."  Voi.  I,  V.  Gutw.nn,  Hd.,  Acsilemlc 
Pim.  New  York.  N.  V..  1B4V.  Chapter  3. 

(2)  «>.  PPipovteb,  C.  B.  Usdahl.  C.  j.  Schsck.  k.  U.  Wilson,  sod  K.  O. 
Chriau.  Iw|.  Cktm..  11,  3188  (1872). 

(3)  l>.  PiUpovk-k,  H.  H.  koxert.  end  U.  I).  Wlleoo.  iM„  U,  2182  ‘.1872). 

(4)  K.  O.  Ckriate  sad  B.  C.  turtle,  Hid  . 11,  2184  11872). 

(6)  C.  ).  Scheck.  C.  B Uedehl,  U.  Pilipovtch,  end  K.  O.  Chrl.tr,  ilid., 
11,  2201  (1872). 

(•)  p.  Pilipovtch,  K D.  Wlleon,  end  K.  F.  Better,  U.  S.  Petent.  to  be 
ieetted,  1872. 

(7)  1C.  O.  Chri.te,  Inort.  Cktm  . 11,  1220  (1872). 


reacted  with  C1F,0  (67.16  mmol)  producing  the  complex  Rb*- 
C1F.O-  0.28RbF. 

Pure  ClF'tO  (purity  99+%)  was  loaded  into  a 316  staiaUaa 
steel  cylinder  containing  a large  excess  of  dry  KF.  After  the 
contents  of  the  cylinder  was  kept  at  ambient  temperature  for 
30  days,  practically  all  of  the  CIF.O  had  complexed  with  KF. 

Tba  FNO  C1F.O  System.— Nitrosyl  fluoride  (26.6  mmol)  and 
C1F»0  (12.K  mmol)  were  combined  at  —196*  in  a Teflon  FEP 
U trap.  The  mixture  was  allowed  to  warm  to  —79*  and  waa 
kept  at  this  temperature  for  24  hr.  It  remained  at  all  times  a 
water-clear  liquid  and  no  sign  of  solid  formation  could  be  ob- 
served. The  vapor  pressure  above  the  liquid  was  about  116 
nun.  The  contents  of  the  trap  was  -Tooled  to  —96*,  and  FNO 
(26.6  mmol)  was  removed  by  vacuum  distillation.  The  residue 
(12.7  mmol)  was  shown  by  its  infrared  spectrum  to  be  essentially 
pure  ClFjO.  Hence,  CIF.O  and  FNO  do  not  form  a stable  com- 
plex at  —96*. 

Preparation  of  CIF.O  Lawi*  Acid  Adducts. — Boron  trifluoridc 
(4.00  mmol)  and  C1F.O  (3.22  mmol)  were  combined  at  — 196*  in 
a Teflon  FEP  container.  The  mixture  was  allowed  to  warm  up 
slowly  to  sunbient  temperature  and  was  kept  at  this  temperature 
for  12  hr.  Unreacted  BFi  (0.74  mmol)  was  removed  ta  vacuo  at 
20s  and  identified  by  its  infrared  spectrum.  The  white,  crystal- 
line residue  had  no  detec  *#ble  dissociation  pressure  at  20*. 
Therefore,  CIF.O  (3.22  mmol)  had  reacted  with  BF,  (3.26  mmol,' 
in  a mole  ratio  of  1 ; 1 .01,  producing  the  complex  ClFtO- BF,. 

Similarly,  AsK.  (10.4  mmol)  and  C1F.0  (13.2  mmol)  were 
combined  at  —196®.  After  keeping  the  mixture  at  20*  for  2 
hr,  unreacted  AsF,  (2.8  mmol)  was  removed  in  vacuo  at  20*. 
Therefore,  CIF.O  (13.2  mmol)  had  reacted  with  AsF,  (13.6 
mmol)  in  a mole  ratio  of  1 : 1.03  producing  the  white,  crystalline, 
stable  complex,  CIF.O  AsF.. 

Silicon  tetrofluoride  (3.79  mmol)  was  combined  with  C1F.O 
(6.02  mmol)  at  — 196*.  When  the  mixture  was  allowed  to  warm 
up  to  about  —80°,  complex  formation  occurred.  Un reacted  SiF. 
(1.21  mmol)  was  removed  in  vacuo  at  —64*  and  identified  by  its 
infrared  spectrum.  Therefore,  CiF.O  (6.02  mmol)  had  reacted 
with  Si F,  (2.68  mmol)  in  a mole  ratio  of  2:1.03,  producing  the 
white,  crystalline  complex  (CIF.O),  SiFt. 

Antimony  pentafluoride  (104  mmol)  and  CIF.O  (20.9  mmol) 
were  combined  in  a 160-ml  prepassivated  Monel  cylinder  at 
- 196*.  The  contents  of  the  cylinder  was  kept  in  an  electrically 
heated  oven  at  136*  for  6 days  under  autogenous  pressure.  Un- 
reacted SbF,  was  removed  by  vacuum  distillation  at  130*. 
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The  cylinder  was  opened  in  the  glove  box  and  contained  7.8  g 
of  a white,  crystalline  solid  (calculated  weight  for  20. U mmol  of 
ClF,O  SbF,(  6.8  g,  for  20.9  mmol  of  ClF,0-2SbF»,  11.3  g). 
Therefore,  ClFjO  had  reacted  with  SbFt  in  a mole  ratio  of  1 : 1 .22. 

Dissociation  Pressure  Measurements. — The  (ClF.O),'SiF4 
complex  was  prepared  in  a Teflon  FEP  container  directly  con- 
nected toa  Heise,  Bourdon-tube-type  gauge  (0-1500  mm  ±0.1%). 
The  temperature  of  the  cooling  bath  was  determined  with  a 
copper-constantan  thermocouple.  To  be  certain  that  an  equilib- 
rium existed  at  each  temperature  reading,  a sample  of  the  gas 
above  the  solid  complex  was  pumped  off  and  a constant  pressure 
was  reestablished.  True  equilibrium  existed  at  a given  tempeia- 
ture  if  the  pressures,  before  and  after  the  pumping  off  procedure, 
were  identical.  Equilibrium  pressures  were  always  approached 
from  below  a given  temperature.  The  following  temperature 
(°C)~vapor  pressure  (mm)  relation  was  observed:  —30.0,  4: 
-24.5,  8;  0.0,  72;  0.0.  124;  15.7,  257;  and  20.8,  380.  The 
best  fit  of  log  1‘  vs.  T~l  (in  *K)  was  obtained  by  the  method  of 
least  squares. 

X-Ray  Powder  Data.—  Debcye-Sclierrer  powder  patterns  were 
taken  as  previously  described.* 

Results  and  Discussion 

Synthesis.  -Chlorine  trifluoride  oxide  and  the  alkali 
metal  fluorides,  CsF,  RbF,  and  KF,  when  combined  at 
ambient  temperature,  produced  the  1 : 1 complexes, 
CsF • ClFjO,  RbF- ClFjO,  and  KF- ClFgO,  respectively. 
For  CsF  a practically  quantitative  conversion  to  CsF' 
C1F»0  was  achieved,  whereas  for  RbF  the  conversion  to 
RbF  ClFgO  was  only  78%.  In  the  case  of  RbF,  how- 
ever, s.  considerably  shorter  reaction  time  and  a nearly 
stoichiometric  amount  of  starting  materials  were  em- 
ployed in  the  synthesis.  Hence,  the  conversion  of 
RbF  to  RbF  • ClFgO  could  almost  certainly  be  increased 
by  using  an  excess  of  ClFgO,  a longer  reaction  time,  and 
a slightly  increased  reaction  tenqteraturc.  The  fact 
that  a high  conversion  to  the  corresjKmding  alkali 
metal  salt  becomes  increasingly  dihicult  with  de- 
creasing atomic  weight  of  the  alkali  metal  has  also  been 
observed  in  the  case  of  the  C1F,  and  OF,  ' salts.** 
This  might  be  due  to  various  effects  such  as  changes  in 
laitice  energy,  solubility  in  the  excess  halogen  fluoride 
or  oxyfluoride,  and  stability  of  the  adducts. 

No  indication  for  the  formation  of  a stable  complex 
between  FN\)  and  ClFgO  was  found  at  tem|>eratures  as 
low  as  — 05°.  The  fact  that  only  a liquid  phase  was 
observed  at  relatively  low  temperatures  where  pure 
ClFjO  (nip,  —42°)  is  u solid  indicates  high  miscibility 
or  solubility  of  ClFgO  in  FNO.  The  vajxir  pressure  of 
~115  mm  observed  at  —78.8°  above  the  liquid  phase 
is  only  slightly  lower  than  the  value  of  137  mm  cal- 
culated for  an  ideal  1 :2  mixture  from  Raoult's  law. 

Chlorine  trifluoride  oxide  forms  stable  1 : 1 adducts 
with  the  Lewis  acids  AsFg  and  BFg.  In  spite  of  the  ex- 
cess Lewis  acid  employed  in  the  syntheses,  no  evidence 
for  the  formation  of  di-  or  polymeric  anions,  such  as 
BgF7~  w“l*  or  AsiFu  V*-1’  was  obtained.  However,  in 
the  case  of  SbFg,  a product  having  the  composition 
(according  to  its  infrared  spectrum  and  the  material 
balance)  of  ClFgO  +SbFr  ■ ().28C1F,0  +Sb,F,r  was  ob- 
tained. The  formation  of  some  SbjFu-  salt14-1'  is  not 

(8)  K.  O.  Chil.U  ttod  J.  P.  OutrUu,  Inorg.  Ckrm..  4,  1788  (1965). 

(U)  K.  1>.  Wbitoay,  H-  O.  MacLarca,  C.  E,  Fogle,  and  T,  J,  Hurley, 
J.  Amtf.  (turn.  So<.,  86,  28(3  (1864). 

(ID)  S.  Brownitcin  and  J.  Poaoivlita.  Cot.  J.  Clum.,  41,  1444  (1965). 

Ill)  J.  J.  Harris,  Inert.  Clum..  8,  1827  (1966). 

(12)  K.  O.  Christa  and  W.  Maya,  ibid..  8,  1253  (1969). 

(13)  P.  A.  W.  Data,  R.  J.  Cilktpit.  and  R.  Hulme,  Clum.  Cowman.,  990 
(196H). 

(It)  J,  K.  Ruff.  I nor  g.  Clum..  I,  1971  (1086). 

(15)  J Weldleln  and  K.  Oahnlcke,  7..  Anort-  AUg.  CM  rut. .84*,  278  (1966). 
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surprising  since  a large  excess  of  SbFg  was  used  in  the 
synthesis.  No  attempts  were  made  to  optimize  the 
reaction  conditions  for  the  synthesis  of  ClFgO +SbF«-. 
However,  using  a large  excess  of  ClFgO,  decreasing  the 
reaction  temperature,  and  adding  the  SbFt  (preferably 
in  a solvent  such  as  HF11)  slowly  to  the  excess  ClFgO 
should  result  in  a better  defined  1 : 1 adduct. 

The  difunctional  Lewis  acid  SiF«,  when  combined 
with  ClFgO  at  about  —8(1°,  forms  the  expected  1:2 
complex.  The  lower  temperature  required  for  the  syn- 
thesis of  (ClFgO)i-  SiF<  is  due  to  the  decreased  thermal 
stability  of  the  adduct. 

Properties.  The  1 : 1 adducts  of  ClFgO  with  SbFg, 
AsFg,  and  BF*  are  white,  crystalline  solids  showing  no 
measurable  dissociation  pressure  at  ambient  tempera- 
ture. The  thermal  stability  of  the  Lewis  acid  adducts 
decreases  in  the  order  ClFgO  SbFg  > ClFgO  AsFg  > 
C1F.O- BFg  > (ClFgO),  SiF,.  Thus,  ClF.O  SbFg  is 
stable  at  130°  in  vacuo,  whereas  (ClFgO),  • SiF4  reaches  a 
dissociation  pressure  of  71k)  mm  at  31°.  Based  on  the 
observed  dissociation  pressure-temperature  data,  a 
plot  of  log  Pmm  Pi.  T 1 (in  °K)  for  the  heterogeneous 
equilibrium 

(ClFgO),  SiP4(s)  - 2ClFgO(«)  + SiFt(s) 

is  a straight  line.  The  equution  log  I’mm  — 11.8018  — 
2712.3//'  represents  these  data  in  the  temperature 
range  —30.11  to  20.8°.  The  standard  error  of  the  esti- 
mate of  log  P was  0.008  which  corresponds  to  2%  devia- 
tion in  pressure.  The  index  of  correlation  (p)  is 
(>.<HK)‘W8. 

By  extra|M>latiou,  a dissociation  pressure  of  1 atm 
was  obtuined  at  30.11°.  At  25°  the  dissociation  pres- 
sure amounts  to  408  mm.  From  the  slope  of  the  log 
/'mu.  P<.  / 1 curve,  A//,i°  = 37.24  kcal  mol-1  was 
found.1’  Fro  u A/‘°7  — - RT  In  Kpmu«,  a free  energy 
change,  A /■'"•/«  = 1.840  kcal  mol'1,  and  from  AA‘°r  =* 
(A H°  - A/'°r) / an  entropy  change,  A^°jw  *=> 
118  7 cal  deg  1 mol  "',  were  found  for  the  dissociation 
process  at  25°.  A heat  of  formation  of  (ClFgO),- 
SiFi(s),  A//i°jw  = 488.4  ± 0 kcal  mol-1,  was  calculated 
based  upon  A//r°}»a[SiF»(g)  1!*  = 385  080  kcal  mol-1 
and  A//(°j»«[ClFgO(g) I1*  = —32.0  ± 3 kcal  mol-1. 
The  uncertainty  in  the  heat  of  formation  value  is 
mainly  due  to  the  uncertainty  in  the  value  ol  the  heat 
of  formation  of  aqueous  HF10  used  for  calculating 
A//(°i»i  of  ClFgO  Tile  lieat  of  dissociation, 17  37.24 
kcal  mol  \ obtained  for  (ClFgO  ‘bSil'V  is  of  the  same 
order  of  magnitude  as  the  value  obtained  for  the  sim- 
dar  ionic  2 : 1 adduct  FClg'AsFg"  (32.8  kcal  mol  l).sl 

The  Lewis  base  adducts  Cs4C1F4()  , Rl»  'ClF40“, 
and  K ‘ClFgO'  show  no  measurable  dissocialiou  pres- 
sure at  ambient  temperature.  However,  the  least 
stable  of  these  adducts  i.e.,  K+C1F40‘,  can  l>c  slowly 
dissociated  in  vacuo  at  ambient  temperature.  The  in- 
creasing stability  of  the  salts  with  increasing  size  of  the 

(16)  K.  O.  Chrlite  and  1)  Piiipuvicb,  Inorg.  Clum.,  8,  212  (l»««). 
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the  heat  of  sublimation  of  the  complex  were  zero.  However,  for  convenience, 
A//u°  will  be  used  throughout  the  text  to  mean  the  heat  of  reaction  of  a 
complete  dissociation  process  of  the  type  complex(s)  - gas  + gas. 

(18)  "JANAF  Interim  Thermocbrmical  Tables.”  The  Dow  Chemical 
Co..  Midknd.  Mich.,  IMI. 
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Chlorine  Trifluoride  Oxide 

alkali  metal  cation  is  similar  to  that  found  for  the  cor- 
responding C1F,-  and  C1F4“  salts. 

All  of  the  described  ClFjO  adducts  are  hygroscopic 
solids.  They  react  violently  with  water  and  organic 
materials.  The  stable  materials  were  stored  in  closed 
Teflon  FEP  containers  at  ambient  temperature  for  sev- 
eral years  without  any  signs  of  decomposition. 

Structure  of  the  Adducts. — X-Ray  powder  diffraction 
patterns  were  obtained  for  ClFj04  AsF»-,  ClFjO +BF*~, 
and  Cs+C1F«0“.  Table  I lists  the  calculated  and 
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X-Ray  Powder  Data  for  C1F»0  *AsF,~  and  CIFiO  ^BF," 
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observed  spacings  for  ClFjO+AsF,"  and  ClFjO  + BF«“. 
The  patterns  of  both  compounds  were  tentatively  in- 
dexed iii  the  orthorhombic  system.  The  unit  cell  di- 
mensions calculated  for  these  data  for  ClF»0+AsFe-  are 
<j  a 9.91, 1)  » 10. 7H,  and  r = S.  10  A.  These  values  are 
very  similar  to  those  obtained  for  ClF»Q+PtF»~  («  * 
9.94,  b = 11.12,  and  c = 8.21  A).4  By  analogy  with 
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C10t+AsF»-  **  and  ClFjO +PtFr 1 one  can  deduce  six 
molecules  per  unit  cell  for  ClF,0+AsF,_.  This  results 
in  a reasonable**1*  value  of  16.2  A*  for  the  average 
volume  per  F or  O atom  neglecting  contributions  from 
the  highly  charged  central  atoms.  For  ClFjO +BF«“ 
tlie  unit  cell  dimensions  are  a — 13.21,  b • 13.62,  and 
c » 9.63  A.  These  unit  cell  dimensions  compare  fa- 
vorably with  those  of  orthorhombic  Cs+BF^-  (a  » 5.83, 
b »*  7.65,  and  c = 9.43  A),*4  assuming  the  ClFjO+BF«~ 
unit  cell  to  be  four  times  larger  than  that  of  Cs+BF«". 
Therefore,  the  unit  cell  of  ClFjO+BF<-  should  contain 
16  molecules  resulting  in  a plausible**'*4  value  of  15.5 
A*  for  the  average  volume  per  F or  O atom.  The 
diffraction  pattern  of  Cs+C1F«0~  was  rather  faint  and 
contained  too  many  lines  to  allow  its  indexing. 

The  vibrational  sjHjetra  were  recorded  for  Rb+- 
C1F«0-.  Cs*ClF,0-,  CIFjO+BF4-,  CIFjQ4 AsF,",  and 
CiFjO 1 SbF,  and  are  entirely  consistent  with  ionic 
structures.  A detailed  discussion  of  the  spectra  and 
their  assignment  together  with  force  constant  calcula- 
tions and  bond-order  considerations  are  published  in 
separate  papers  **'n 

General  Considerations.  —In  the  past  the  self-ioniza- 
tion of  halogen  fluorides  has  been  overemphasized.1 
This  was  mainly  due  to  the  ease  with  which  most  of  the 
reaction  chemistry  of  the  amphoteric  halogen  fluorides 
could  be  explained  by  it.  However,  except  for  BrFt, 
little  or  no  evidence  has  been  found  supporting  this 
jwstulated  self-ionization.  Furthermore,  no  attempts 
have  been  made  to  rationalize  and  correlate  the  avail- 
able data  on  the  tendency  of  various  halogen  fluorides 
to  form  adducts  with  Lewis  acids  or  bases.  Since 
reliable  data  .ire  now  available  on  the  complex  forma- 
tion of  |>entavuleut  ClFj,14  ClFjO.  and  ClOjF,**  **  of 
trivalent  OF**'*0-1*  and  of  monovalent  C1F,4 ii.n.*  a 
meaningful  comparison  can  be  made. 

.4  priori,  the  following  trends  might  be  expected 
within  this  series,  (i)  Compounds  showing  a strong 
tendency  to  form  stable  adducts  with  Lewis  acids 
(ami,  hence,  having  considerable  base  character)  should 
show  a decreased  tendency  to  form  adducts  with  Lewis 
bases,  and  vice  versa  (ii)  The  fluoride  donor  (».e., 
Lewis  base)  properties  of  a halogen  fluoride  should  in- 
crease with  increasing  electron  density  on  the  fluoride 
ligands.  Consequently,  replacement  of  two  fluorine 
ligands  by  one  less  electronegative  oxygen  ligand 
without  changing  the  oxidation  state  of  the  central 

(22)  K.  O.  Chrbtt.  C.  J.  Scback.  D.  PUlpovicb,  tad  W.  Sawodny.  Inott 
Cktm.  I,  2489  (1989). 

(23j  W.  H.  ZachariaMo,  J Amtr.  Cktm  Sot..  T#,  2147  (1948). 

(24)  F.  ii.  Bllinger  sod  W.  H.  Zachariascn.  J.  Pkys.  Cktm.,  18,408  (1984)- 

(25)  I.  G k ysc.  "The  Chemistry  o(  Fluorine  end  Us  Inorganic  Con* 
pounds.”  ABC  Translation  S927.  U.  S.  Atomic  Energy  Commission,  Toch- 
nical  Information  Service  Extension.  Oak  kidge,  Teon..  1980,  p 529. 

(26)  1C.  O.  Christ*,  B.  C.  Curtis,  and  C.  J-  Schack.  Jnorg.  Cktm.,  11,  2212 
(1972). 

(27)  K.  O.  Chriate  and  K C.  Curtis,  ibid.,  11,  2209  (1972). 

(28)  D.  K.  Huggins  and  W.  B.  Fox,  Inorg.  Sucl.  Cktm . Ltii.,  8,  887 
1970). 

v29)  K.  O.  Christ*  and  K.  C.  Curtis.  Inorg.  Cktm.,  U,  38  (1972). 

(30)  F.  Seel  and  O.  Detmcr,  Z.  Amort.  A lit.  Cktm..  881,  113  (I960). 

(3 1 ) N Bartlett  and  I).  H.  Lohmauu,  J.  Cktm.  Sot..  5283  (1962). 

(32)  H.  Selig  and  J.  Shamir,  Inorg.  Cktm..  8,  294  (1064). 

(33)  K.  O.  Christ*  and  A.  K.  Pavlsth,  Z.  Amorg.  AUg.  Cktm.,  888,  210 
(1985). 

(34)  K.  O.  Chrlste  and  W.  Sawodny,  Inorg.  Cktm.,  8,  313  (1967). 

(35)  K.  O.  Ch..ste  and  J.  P.  Guertin,  ibid.,  8,  473  (1966). 

(36)  K.  O.  Chriate  and  W.  Sawodny,  Z.  Amorg.  Allg.  Cktm.,  88T,  125 
(lt»08>. 
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FiKiu-f  1 . Hi'lutivf  acid-ha*  strength  of  various  amphoteric  liulogei.  fluorides  derived  from  their  tendency  to  form  adducts  with  strong 
Lewis  acids  and  bases  Compounds  of  marginal  stability  are  in  larger  type  with  the  numbers  indicating  the  temperature  (*C)  at  which 
the  dissociation  pressure  above  the  solid  equals  "SO  nim 
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atom  (i.e.,  C1F»  — *■  ClFiO  — *■  ClFOj)  or  replacement  of 
two  fluorine  ligands  by  one  free  electron  pair  with 
change  of  the  oxidation  state  of  the  central  atom  (i.e., 
CiF»  -*■  ClFj  — » C1F)  should  increase  the  basicity  of  a 
halogen  fluoride  molecule.  Hence,  one  would  expect 
ClFj  to  have  more  acid  character  than  either  ClOiF  or 
OIF  Furthermore,  one  would  expect  these  trends  to 
be  continuous 

Figtue  1 shows  the  observed  data  The  sire  of  the 
arrows  indicates  the  tendency  to  form  adducts.  As 
can  be  seen  both  predictions  made  u priori  cannot  he 
the  dominating  fuctors.  There  is  no  continuous  trend 
from  ClFj  toward  either  ClOjF  or  OF.  Furthermore, 
ClFjO  and  OF*  show  a pronounced  tendency  to  form 
adducts  with  both  Lewis  acids  and  Lewis  bases.  Con- 
sequently, the  tendency  to  form  adducts  cannot  de- 
[>end  strongly  on  the  acid  strength  of  the  parent  mole- 
cule. However,  there  seems  to  Ik*  a correlation  be- 
tween the  tendency  to  fo*m  adducts  and  the  structures 
of  the  parent  molecule  and  the  resulting  ions  If,  for 
example,  the  structure  of  the  parent  molecule  is  de- 
rived from  the  energetically  less  favorable  trigonal  bi- 
pyramid17  and  if  the  resulting  ions  belong  to  the  ener- 
getically more  favorable  octahedral  of  tetrahedral  type, 
we  observe  a strong  tendency  toward  adduct  formation. 
Thi-  explains  the  surprising  fact  that  ClFjO  and  ClFj 
tend  to  form  stable  adducts  with  both  Lewis  acids  and 
Lewis  bases.  The  converse  should  also  hold ; i.e.,  octa- 
hedral or  tetrahedral  molecules  should  show  a weak 
tendency  to  form  ions  belonging  to  the  trigonal-bi- 


pyramid type.  This  has  been  noted  for  I OIL  which 
does  not  fonn  an  adduct  with  SbF»”  and  for  C10.F 
which  forms  only  a marginally  stable  adduct  with 
CsF  “7>  Chlorine  pentafluoride  and  C1F  deserve 
special  mention  for  the  following  reasons.  C1F*  does 
not  form  any  adducts  with  strong  Lewis  bases.1*  This 
is  most  likely  due17,  to  a limitation  of  the  coordination 
number  of  pcntuvalent  chlorine  to  six  (counting  the  free, 
sterically  active  electron  pair  as  a ligand).  Chlorine 
numofluoridc  forms  with  Lewis  acids  only  2:1  ad- 
ducts 71  This  can  be  explained  by  the  instability  of  a 
hvjHithetical  Cl  * cation  which  would  possess  only  an 
electron  sextet  The  relatively  high  stability  of  the 
Cll\>  ‘ anion  in  spite  of  its  trigonal-bipyramid  type 
structure  may  lie  due  to  its  high  symmetry  . 

In  summary,  it  is  difficult  to  understand  and  predict 
relative  acid  have  properties  of  amphoteric  halogen 
fluorides  on  the  basis  of  the  projicrties  of  the  molecule 
itself.  However,  comparison  of  the  structural  sta- 
bility of  the  parent  molecule  with  that  of  the  corre- 
sjxmding  ions  allows  a qualitative  interpretation.  A 
method  of  predicting  the  structure  of  unknown  halogen 
fluoride  ions  and  molecules  has  previously  been  dis- 
cussed*7 and  should  be  particularly  useful  here. 
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Chlorine  Trifluoride  Oxide.  VI.  The  Tetrafluorooxychlorate(V)  Anion,  C1F«0 
Vibrational  Spectra  and  Force  Constants 

By  KARL  O CHRI3TE*  and  E.  C.  CURTIS 
StpUmbtr  U,  1971 

The  infrared  and  Raman  %|>tvtra  of  Cs*CIF»0~  and  Rb+CIF40~  have  been  recorded.  Nine  fundamental  vibrations  have 
been  observed  consistent  with  a Ct.  structure  analogous  to  tluit  of  XeF<0  and  CIF,.  An  assignment  of  the  fundamental 
vibrations  is  proposed  and  a modified  valence  force  field  lias  been  calculated.  The  bonding  in  C1F.O'  is  best  descriUxi  by 
a mainly  covalent  Cl  O double  Ismd  and  two  scmiionic  *.hrec-ccntcr,  four-electron  p-p  a Cl—  F bond  pairs. 


Introduction 

ClKjO  forms  adducts1  with  strong  Lewis  acids  and 
bases.  In  this  pa|>er,  we  present  proof  for  die  s tincture 
of  tlie  ClFjt)  Lewis  base  c<  duplexes. 

Experimental  Section 

The  materials,  apparatus,  uml  the  preparation  of  Rb*ClF»0 
and  Cs+Cll,'tO"  have  previously  been  described.1 *  The  inftared 
and  Raman  spectra  were  iccordcd  as  prevtusly  rciairted.1 

ReiiuiU  and  Discussion 

Vibrational  Spectra.  Figures  1 and  2 show  the 
vibrational  spectra  of  solid  Rb4ClF4()“  and  Cs4 *Cl- 
F«()~,  respectively.  Table  I lists  the  observed  fre- 
quencies. For  comparison,  the  values  reported  for 
C1F4"  1 and  CIF,411  are  included.  Since  C1F40~  and 
C1F4~  art  ,,  ?udo-isoeIectrotiic  with  Xe()F4  and  XeF4, 
rcsjicctivdy,  the  values  reported  fur  the  latter  two 
molecules4'*  are  also  listed 

Comparison  with  the  known  structures  of  isoelee- 
tronic  OF, 4 and  pscudo-isoelcct route  XeOF4*  suggests 
for  C1F4C)“  symmetry  For  this  (wiut  grouj),  the 
nine  nonual  modes  of  vibration  are  classified  as  (3A4  +- 
2B,  + Bj  + 3E).  Of  these,  all  nine  modes  are  Ramai. 
active,  while  only  the  three  Ai  and  the  tlirec  K modes 
are  infrared  active.  However,  for  the  related  com- 
pounds listed  in  Table  I.  the  antisymmetric  XF4  out-of- 
plane deformation  mode  is  eitlu-r  inactive  for  point 
group  Du,  or  of  such  low  intensity  for  [xiint  group  C4, 
that  it  has  not  been  observed.  Further  complications 
might  be  expected  due  to  the  fact  that  we  are  not 
dealing  with  the  isolated  C1F4()  ion  but  with  a solid  in 
which  the  C1F40~  ions  might  occupy  lattice  sites 
having  u symmetry  lower  than  C4,.  This  site  sym- 
metry lowering  might  particularly  influence  the  doubly 
degenerate  E modes  and  cause  their  splitting  into  two 
components.  The  observation  of  seven  or  eight 
Raman  bands  (assuming  two  of  the  three  E modes  to 
split  into  their  degenerate  cotnjxments),  with  two  of 
them  having  uone  and  one  of  them  having  only  a very 
weak  counterpart  in  the  infrared  spectrum,  is  consis- 
tent with  the  above  considerations. 

The  assignments  for  C1P40 ~ were  made  by  coin- 

(1)  K.  O Chtiatc,  C.  J.  Sc hack  and  I).  INUpovich  htorg.  Ckem.,  11,  2205 
(1072). 
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(2)  K.  O.  Christa  and  W.  Sawodny,  Z.  Anorg . Allg.  Cktm.,  1T4,  306  (1070) . 
**T,  125  (1068). 

(4)  O.  M.  Begun.  W.  H.  Flctchrr.  and  l>.  !■*.  Smith,  J . Cktm.  Pkys.,  it, 
2230  (1065). 

(5)  K.  O.  Christa.  SpttiKx'.im  Ada,  Pari  A.  17,  031  (1071). 

(9)  H.  H Cla*Mcn,  C.  L.  Cherniek,  and  J.  C».  Malm,  J.  Amtr.  Cktm.  Sot  . 

M,  1027  (1063). 


panson  with  tlie  known  spectra  of  C1F4~,*  C1F4(4'* 
XeF4,*'7  and  XeOF4.4  The  band  at  about  1200  cm~‘ 
occurs  at  a frequency  much  too  high  for  any  Cl-F  fun- 
damental vibration  and,  hence,  is  assigned  to  the  C1==0 
stretching  vibration,  n(Ai).  The  shoulder  on  the 
lower  frequency  side  of  the  1200-cm'"1  band  is  due  to 
the  5,C1  isotope.  The  strongest  Rainan  band,  at  about 
■4(H)  cin  should  belong  to  tlie  totally  symmetric  C1F4 
stretching  vibration.  i’2(Ai).  Similarly,  the  strongest 
infrared  band  at  about  580  cm-1  should  be  due  to  the 
antisymmetric  C1F4  stretching  vibration,  10(E),  which 
is  split  into  its  two  d'  generate  components.  The 
second  strongest  Raman  band  at  about  350  cm-1  ob- 
viously should  represent  the  symmetric  out-of-phase 
C1F,  stretching  mode  *-4(Bi).  The  frequencies  and 
relative  intensities  of  vt(Ai)  and  f4(B,)  of  C1F40~  are  in 
good  agreement  with  those  reported*  for  C1F4~. 

The  remaining  five  modes  are  deformation  modes. 
The  O C1F4  deformation  mode,  v«(E),  involves  mainly 
u motion  of  the  double-bonded  oxygen  and,  hence, 
should  have  the  highest  frequency.  It  is  assigned  to 
the  band  at  about  40()  cm”1,  assuming  again  a splitting 
into  its  degenerate  components.  3y  analogy  with  the 
related  molecules  listed  in  Table  I,  the  antisymmetric 
iu-plune  C1F(  deformation  mode  should  have  the  lowest 
frequency  and  is  therefore  assigned  to  the  band  at  about 
L’lo  cur1  For  the  remaining  thro:  modes,  we  are  left 
with  only  two  frequencies.  ‘ Since  the  antisymmetric 
out-of-plane  XF4  deformation  mode,  vj(Bj),  has  not 
been  observed  for  any  of  the  compounds  given  in  Table 
l,  it  is  assumed  to  be  the  unobserved  mode.  There  are 
two  frequencies  at  about  340  and  280  cm~l  left  for  as- 
signment to  the  C1F4  umbrella  deformation,  v»(A,),  and 
the  C1F4  scissoring  mode,  vo(Bt).  These  two  modes 
can  easily  be  distinguished  based  upon  their  relative  in- 
frared intensities.  The  mode  should  be  of  high  in- 
tensity, whereas  should  ideally  be  only  Raman  ac- 
tive. Consequently,  the  bands  at  340  and  280  cm-1  are 
assigned  to  vj(Ai)  and  v«(Bj),  respectively.  The  fre- 
quencies of  k»(Ai)  and  >'4(Bi)  almost  coincide.  The 
possibility  that  for  Rb+C1F40~  the  339-cm_1  infrared 
band  is  the  counterpart  of  the  350-ctn'1  Raman  band 
is  not  likely  owing  to  its  high  relative  intensity  and  tlie 
relatively  large  frequency  difference  of  11  cm-1.  Com- 
parison of  the  C1F4"  frequencies  with  those  of  C1F40~ 
and  CIFS  involving  only  the  approximately  square- 
planar  C1F4  part  reveals  the  following  trend.  The 
C1P40“  anion  has  tlie  lowest  frequencies,  C1F4~  is  inter- 

(7)  B.  Weinstork.  E.  K.  Weaver,  and  C.  P.  Knop,  htorg.  Cktm.,  f,  2180 
(1066). 
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Table  I 

Vibrational  Spectra  of  Rb  +ClF.O“  and  Cs+C1F40“  and  Their  Assignment  Compared 
with  Those  of  C1F4~,  ClFi,  XeOF4,  and  XeF< 


Asilgn- 


meet 
for  XZF « 

•Observed  frequencies,  em~‘,  and  relative  intensities — — , in  point 


. Rb  4C1F*0  " ■*, Cs  *C1F«0  " , ClF«-° * , CllV • 


Ir 

Raman 

Ir 

Raman 

Ir 

Raman 

8’r 

Raman 

1210  3 

1211  (0.6) 

1201  s 

1203  (0.9) 

722  m 

709  (3) 

462  w 

461  (10) 

457  w 

456  (10) 

505  (10) 

541  m 

538  (1) 

339  3 

(350)* 

339  s 

(345)* 

425  m 

493  s 

480  (10) 

350  (4.3) 

345  (4) 

417  (10) 

480  (10) 
(346)* 

283  vw 

285  (0  4) 

280  vw 

283  (0.4) 

288  (I) 

375  (1) 

6O0\ 

599  (0.1) 

600\ 

593  (0.2) 

500-680 

732  vs 

550/  VB 

557  (0.4) 

560/  VB 

564  (0.3) 

vs,  br 

il5\ 

416  (14) 

415\  * 

416  (1.4) 

482  s 

(480! 

394/ 

395  (0. 1) 

396/ 

397  (0. 1) 

213  (0.6) 

204  (0.7) 

302  s 

290  (0.4) 

. XeOFr ■ 

. X*F«c,rf . 

group 

Ir 

Raman 

Ir 

Raman 

c«„ 

Type  of  vibration 

926  s 

920  (2) 

Ai  vi 

v xz 

576  m 

667  (10) 

543  (10) 

** 

viym  in-phase  XF« 

294  s 

285  (0  + ) 

291  s 

M 

4»ym  out-of-plant  XF< 

527  (4) 

502  (8) 

Bi 

v*ym  out-of-pbase  XFa 

[230  J 

Vh 

out-of-plane  XF< 

233  (1) 

236  (0  + ) 

Bj  M 

*»ym  in-plane  XF< 

608  vs 

586  vs 

E * 

►'Myra  XF4 

361  s 

366  (2) 

VI 

6 ZXF 

101  (0  + ) 

(250) 

V* 

*»aym  in -plane  XF< 

a Reference  3.  h References  4 and  5.  c Reference  0.  4 Reference  7.  • Frequency  values  listed  in  brackets  were  not  observed 

directly.  They  were  either  obscured  by  stronger  bands  in  the  same  region  or  estimated  from  combination  bands  or  force  constant 


calculations. 


Figure  1. — Vibrational  spectrum  of  solid  Rb+CiF,0":  (A)  in- 
frared spectrum  as  AgBr  disk;  (B)  Raman  spectrum  at  two  dif- 
ferent recorder  voltages,  exciting  lint  4880  A;  C indicates  spec- 
tral slit  width. 


Figure  2.  -Vibrational  spectrum  of  solid  Cs+C1F  (A)  in- 
frared spectrum  as  AgBr  disk;  (B)  Raman  spectrum,  exciting  line 
4880  A;  C indicates  spectral  slit  width 


mediate,  and  C1F&  exhibits  the  highest  frequencies. 
This  is  not  surprising,  since  C1F40~  possesses,  in  addi- 
tion to  a bond-weakening  formal  negative  charge,  an 
oxygen  ligand.  The  pronounced  weakening  effect  on 
C1F  bonds  upon  oxygen  substitution  has  previously 
been  discussed  in  detail  for  C10jF2~  8 and,  hence,  will 
not  be  reiterated. 

The  difference  in  the  vibrational  spectra  of  C1F40~ 
and  isoelectronic  XeOF4  can  be  rationalized  in  the  fol- 
lowing way.  The  two  symmetric  XF4  stretching 
modes  do  not  involve  a motion  of  the  central  atom. 
Hence,  no  mass  effect  of  the  central  atom  is  expected, 
and  XeOF<  with  the  stronger  X-F  bond  shows  the 
higher  frequencies  for  these  two  modes.  For  the  anti- 
symmetric XF4  stretching  mode,  the  frequencies  be- 
come similar  for  XeOF,  and  C1F40~  due  to  a pro- 
nounced mass  effect.  The  deformation  modes  of 
XeOF4  all  show  lower  frequencies  than  the  corre- 
sponding modes  of  C1F40~.  This  is  due  to  the  increased 
size  of  the  central  atom  in  XeOF4  which  facilitates 
angle  deformations.  For  C1F40~,  an  overlap  of  the 
range  of  stretching  and  deformation  vibrations  occurs. 
This  unusual  overlap  has  previously  been  recognized 
and  discussed8  for  the  structurally  related  C1F4~  anion 
and  requires  relative'y  weak  Cl-F  bonds  and  a small 
central  atom.  Furthermore,  a comparison  between  the 
pairs  C1F40--C1F/-  and  XeOF4-XeF4  shows  for  the 
chlorine  fiuoride  stretching  modes  a frequency  de- 
crease from  C1F4_  toward  C1F40~,  whereas  for  the 
xenon  fluorides  the  trend  is  reversed.  This  is  due  to 
the  difference  in  the  electronegativity  of  the  central 
atoms.  In  the  case  of  the  xenon  compounds,  the  addi- 
tion of  an  oxygen  ligand  (which  is  more  electronegative 
than  xenon)  to  xenon  results  in  a slight  further  electron- 
density  withdrawal  from  xenon.  This  increases  the 
effective  electronegativity  of  xenon  and  makes  it  more 
similar  to  that  of  fluorine,  thus  increasing  the  contri- 
bution of  covalent  bonding  to  the  Xe — F bond.  In  the 
case  of  chlorine  fluorides,  the  multivalent  chlorine 
atom  is  more  electronegative  than  oxygen.  Hence, 
oxygen  addition  lowers  the  effective  electronegativity 
of  chlorine,  thus  causing  an  increase  in  the  polarity  of 
the  Cl—  -F  bond.  This  effect  of  oxygen  substitution 
has  been  observed  for  tile  following  related  pairs; 

(8)  K O.  Christ*  and  K.  C.  Cur  lit,  luort.  Cktm..  U,  38  (1972). 
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ClFi-CIFjO,2  C1F„—  :iFsOi-,8  ClF-CIFOj,8  and  C1F2+- 
ClFjO  +,4  and,  hence,  appears  to  be  quite  general.  This 
interpretation  assuming  a reversed  polarity  of  the 
X— O bond  in  chlorine  oxyfluorides  and  XeOF*  is  fur- 
ther supported  by  the  observed  **F  nmr  shifts.  Thus, 
the  fluorine  ligands  in  XeF<  are  more  shielded  than 
those  in  XeOF<,  whereas  the  fluorine  ligand  in  FC102  is 
less  shielded  than  that  in  FCIO310 

Force  Constants  and  Bonding.— The  potential  and 
kinetic  energy  metrics  for  the  teerafluorooxychlorate 
anion  were  computed  by  a machine  method.11  The 
geometry  was  assumed  to  be  that  of  an  ideal  square- 
pyramid  with  Z>(C1~0)  = 1.42  A,  based  on  a correla- 
tion between  stretching  frequency  and  bond  length, 12 
and  with  r(Cl-F)  = 1.75  A,  which  is  somewhat  longer 
than  the  long  bonds  in  CIF3.13  The  bond  angles,  a 
and  d.  are  defined  as  Z O-Cl-F  and  Z F-Cl-F,  respec- 
tively, and  were  assumed  to  be  90° . 

The  force  constants  were  found  by  trial  and  error 
with  the  aid  of  a computer,  requiring  exact  fit  between 
the  observed  and  computed  frequencies.  The  results 
are  given  in  Table  II.  The  values  shown  for  the  inter- 

Taule  II 

Force  Constants  of  C1F,0“  * 


/« 

9.13 

Sr 

1.79 

f'dd 

0.29 

Id 

1.33 

/'„« 

0.08 

/<* 

0.61 

fr» 

0.15 

U 

0.25 

s".f> 

-0.15 

S'rr 

0.04 

• Stretching  force  constants  in  mdyn/A  and  deformation  force 
constants  in  mdyn  A/radian*. 

action  constants,  while  not  unique,  were  the  simplest 
set  that  would  give  an  exact  fit.  Since  the  force  con- 
stants are  underdetemiined,  a statistically  meaningful 
uncertainty  estimate  cannot  be  made.  Numerical  ex- 
periments showed  that  assuming  different  interaction 
constants,  and  constraining  them  to  plausible  values, 
would  result  in  valence  force  constants  differing  from 
these  shown  by  less  than  0.2.  These  estimated  un- 
certainties are  felt  to  be  conservative.  The  potential 
energy  distribution  for  this  force  field  is  shown  in  T able 
III. 

The  two  constants  of  greatest  interest  are  the 
stretching  force  constants.  The  value  of  9.13  mdyn/A 
found  for  the  Cl— O stretching  force  constant,  /«,  is 
within  the  range  expected  for  a covalent  C1=0  double 
bond.  For  example,  values  of  9.37,  9.07,  and  8.3 
mdyn/A  were  found  for  the  chlorine  oxyfluorides, 
ClFjO,2  C102F,m  and  C102F2-,8  respectively.  The 
fact  that  the  value  of  /*  in  C1F«0-  is  slightly  lower  than 
than  in  C1F|0  can  be  explained  by  the  negative  charge 

(9)  K.  O.  Christc,  E C.  Curtis,  and  C.  J.  Schack,  Inert.  Cktm.,  II,  2212 
(1972). 

(10)  C.  H.  Dungan  and  J.  R.  van  Wsstr,  "Compilation  of  Reported  '*F 
nmr  Chemical  Shifts,"  Wiley-Interscience,  New  York,  N.  Y.,  1970. 

(11)  E.  C.  Curtis,  Sptdrockin.  Ada,  Pari  A.  »,  1989  (1971). 

(12)  E.  A.  Robinson,  Can.  J.  Cktm.,  41,  3021  (19«3). 

(13)  D.  F.  Smith,  J.  Cktm.  Pkyt..  >1,  809  (1953). 

(14)  D.  F.  Smith,  G.  M.  Begun,  end  W.  H.  Fletcher,  Sptdrockim.  Ada, 
M,  1763  (1944). 


Table  III 


Potential  Energy  Distribution"  for  C1F.O” 


Frequency, 

Potential  energy 

Assignment 

cm  “■ 

distribution 

Ai  vt 

1203 

0.98/* 

v% 

456 

0.77/,  + 0.21/,, 

Vi 

339 

0.80 fe  + 0. 17/'<j0 

Bi  Vi 

345 

1.34/,  - 0.37 /„ 

Vi 

(218)‘ 

0. 82/(5  + 0.17/'(Sfl 

Bi  Vi 

283 

0.89/«  + 0.11/'oa 

E v^ 

578 

0.97/,  + 0. 17/(5 

V» 

406 

1- 11/(5 

V9 

204 

1.04 fa  ~ 0.13 !/'«« 

* Only  the 
frequency. 

more  important 

terms  arc  given.  5 Computed 

on  the  central  atom  in  C1F40~ . The  low  value  of  1 .78 
mdyn/A  obtained  for  the  Cl— F valence  force  constant, 
fT,  is  similar  to  that  of  1.0  mdyn/A  obtained  for 
C102F2-.8  These  low  values  are  due  to  the  formal 
negative  charge  and  oxygen  substitution  (see  above). 
The  negligible  change  in  the  Cl — O order  (when  com- 
pared with  normal  C1=0  double  bonds),  coupled  with 
a pronounced  decrease  in  the  Cl — F bond  order,  im- 
plies that  the  negative  charge  in  ClF.,0-  is,  to  a large 
extent,  located  on  the  fluorine  ligands  and  not  on  the 
chlorine  central  atom  or  oxygen  atom. 


xr 

| K-^F  | 


I—  Ti 


£\  , v etc. 

I rr 


r<T  ®( 


The  pseudo-octahedral  Ca,  structure  of  C1F«0~  could 
be  explained  by  two  different  bond  models:  (1)  an 
sp3d3  hybridization  of  the  valence  electrons  of  chlorine 
resulting  in  mainly  covalent  C1~  F bonds  and  (2)  a 
model15-18  involving  mainly  two  delocalized  p-electron 
pairs  of  the  chlorine  atom  for  the  formation  of  two 
semi-ionic  three-center,  four-electron  p-p  a bonds  with 
the  four  fluorine  atoms.  Mainly  covalent  sp  hy- 
bridization is  assumed  for  the  Cl-O  a bond  and  the 
free  electron  pair.  For  model  1,  we  would  expect 
for  the  Cl-F  valence  force  constant  a value  in  the  range 
2. 8-3. 6 mdyn/A.  For  model  2,  f,  should  be  between 
1.6  and  2.5  mdyn/A.  The  value  of  1.78  A observed 
for  the  Cl-F  stretching  force  constant  in  CIFiO-  strongly 
favors  model  2. 
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The  vibrational  spectra  have  been  recorded  for  the  solid  1:1  adducts,  C1F,0  ■ BF,,  ClF,O  AsF,,  and  ClFjO-SbF,,  and  for 
C1F,0 • BF,  in  HF  solution.  These  spectra  are  entirely  consistent  with  the  ionic  structures,  C1F,0+BF(-,  ClFiO+AsF»~, 
and  C1F,0  +SbF<“,  respectively.  Six  fundamental  vibrations  liave  been  observed  for  C1F»0+,  consistent  with  symmetry 
CV  The  structure  of  C1F,0  f can  be  derived  from  a tetrahedron  with  the  chlorine  atom  located  at  the  center  and  with  two 
iluorine  atoms,  one  oxygen  atom,  and  one  free  electron  pair  at  the  four  corners.  The  vibrational  spectrum  and  structure 
of  CIF2O  + closely  resemble  those  of  isoelectronic  SOF,.  An  assignment  of  the  fundamental  vibrations  is  proposed  for  C1F,0  +, 
and  a modified  valence  force  field  lias  been  calculated.  A mainly  covalent  bond  model  is  considered  most  likely  for  C1F,0+. 


Introduction 

Chlorine  trifluoride  oxide  possesses  amphoteric 
character  and  forms  adducts  with  BF3,  AsF5,  SbF6,  and 
SiF*.1  In  this  paper,  we  report  the  vibrational  spectra 
and  a structural  study  of  some  of  these  adducts. 

Experimental  Section 

The  preparation  of  the  ClFaO+  containing  salts,  the  apparatus, 
handling  procedures,  and  the  techniques  used  for  recording  the 
vibrational  spectra  have  previously  been  described.1  ~i 4 

Results  and  Discussion 

Vibrational  Spectra. — Figures  1 and  2 show  the 
infrared  and  Raman  spectra  of  solid  C1F20+BF4-  and 
C1FjO+AsF4_,  respectively.  Figure  3 shows  the  Raman 
spectrum  of  C1F20+BF4“  in  HF  solution.  The 
observed  frequencies  are  listed  in  Table  I and  are 
compared  with  those  reported  for  isoelectronic  SOF2.‘ 
The  vibrational  spectrum  of  the  1:1.2  ClFsO-SbF6 
adduct  was  also  recorded.  The  infrared  spectrum  of  a 
dry  powder  sample  showed,  in  the  range  4000-400 
cm-1,  absorptions  at  the  following  wave  numbers: 
1339  sh,  w,  1331  s,  1319  m,  740  s,  710  vs,  658  vs,  600 
s,  559  mw,  510  ms,  and  401  mw.  The  Raman  spec- 
trum of  the  solid  showed  bands  at  the  following  wave 
numbers  (relative  intensity):  1329  (4),  1316  (2), 
741  (5),  686  (1),  670  (5).  637  (10),  590  (1),  554  (2), 
504  (3),  397  (3),  377  (0  + ),  and  282  br  (4). 

The  adducts  between  ClFjO  and  Lewis  acids  could  be 
either  ionic  or  fluorine  bridged  coordination  complexes. 
The  simplicity  of  the  observed  spectra,  the  shift  of 
the  0=0  stretching  vibration  to  higher  frequencies 
when  compared  to  that  in  C1F30,S  and  the  occurrence 
of  all  bands  characteristic  for  the  corresponding  anion 
suggest  that  solid  ClFjO  ■ AsFt  and  ClF3OBF3  have 
the  ionic  structures  ClF20+AsFe~  and  ClF20+BF4-, 
respectively.  The  Raman  spectrum  of  C1F20+BF4- 
in  HF  solution  closely  resembles  that  of  the  solid, 
indicating  the  presence  of  discrete  ions  in  both  the 
solid  state  and  HF  solution.  Table  I shows  the  ob- 
served vibrational  spectra,  together  wit,,  their  assign- 
ment. The  vibrational  spectra  of  AsFt~  and  BF,-, 


(1)  K.  O.  ChrUte.  C.  J.  Schack,  and  D.  Pilipovich,  Inort.  Cktm..  11,  2206 
(1072). 

(2)  K.  O.  ChrUte  and  E.  C.  Curtia,  ibid.,  11,  2200  (1072). 

(3)  K.  O.  CfcrUte,  ibid.,  »,  2801  (1070). 

(4)  E.  L.  Pace  and  H.  V.  SamueUon.  J,  Chtm.  Pkys.,  44,  3082  (1036). 

(6)  K.  O.  ChrUte  and  E.  C.  CurlU.  Inort.  Cktm.,  11,  2106  (1072). 


respectively,  are  well  known  and  hence  will  be  dis- 
cussed first. 

An  octahedral  ion,  such  as  AsFo-,  has  Oh  symmetry. 
The  six  normal  inodes  of  vibration  are  classified  as 
Au  + E,  + 2Fiu  + F2„  + Fsu-  Of  these,  only  the  two 
Fiu  modes  will  be  infrared  active,  while  only  the  Aig 
Ek,  and  F2k  modes  will  be  Raman  active,  assuming  that 
the  selection  rules  are  valid  and  that  the  octahedron 
is  not  distorted.  The  remaining  F2u  mode  is  inactive 
in  both  the  infrared  and  Raman  spectrum.  For  C1F30 • 
AsF6,  all  five  active  modes  belonging  to  AsF»-  were 
observed,  the  observed  frequencies  and  intensities 
being  similar  to  those  of  other  AsF6~  containing  com- 
plexes, such  as  C1F2+AsF,-,6  NF4+AsF6-,7  NF20+- 
AsFe~, 8 IF«+AsFe-,9  and  C102+AsF#-.10  Several  devi- 
ations from  the  selection  rules  for  Oh  were  observed. 
The  p2(Ek)  mode  should  be  Raman  active  only  but  was 
also  observed  in  the  infrared  spectrum.  Furthermore, 
the  two  triply  degenerate  modes,  y3  and  y4,  in  species 
Fiu  show  shoulders  in  the  infrared  spectrum.  This 
breakdown  of  the  selection  rules  has  also  been  observed 
for  the  infrared  spectra  of  most  of  the  other  AsFt~ 
containing  salts.6-10  It  could  be  due  to  site  symmetry 
lowering,  slight  distortion  of  the  AsF«-  octahedron, 
or  weak  fluorine  bridges. 

A tetrahedral  ion,  such  as  BF4~,  has  Td  symmetry. 
The  four  normal  modes  of  vibration  are  classified  as 
Ai  4-  E + 2Fj.  Of  these,  all  four  modes  are  expected 
to  be  Raman  active,  whereas  only  the  two  F2  modes 
should  be  infrared  active.  However,  crystal-field 
effects  or  slight  distortion  of  the  BF4-  tetrahedron  can 
result  in  the  Ai  mode  also  becoming  infrared  active. 
For  ClF3O  BF3,  all  four  modes  belonging  to  BF«~ 
were  observed  and  assigned  by  analogy  with  the  known 
spectra  of  K+BF4-, 1,-14  ClFj+BF,-6  C102+BF4-,10 
andFCls+BF«“.lsl* 

(6)  K.  0.  ChlUtj  and  W.  Sawodny,  ibid.,  8,  313  (1007). 

(7)  K.  O.  ChrUte,  J.  P.  Guartin,  A.  E.  Pavtath,  and  W.  Sawodny,  ibid., 
4,  633  (1067). 

(8)  K.  O.  ChrUte  and  W.  Maya,  ibid..  8,  1263  (1069). 

(B)  K-  O.  ChrUte  and  W.  Sawodny,  ibid.,  4,  1783  (1067). 

(10)  K.  O.  ChrUte,  C.  J.  Schack,  D.  Pilipovich,  tod  W.  Sawodny,  ibid., 
8,  248B  (10GB). 

(11)  J.  Goubeau  and  W.  Butt,  Z.  Amort.  Alls.  Cktm.,  188,  221  (1062). 

(12)  N.  N.  Greenwood,  J.  Cktm.  Soc.,  3811  (1060). 

(13)  J.  A.  A.  Kelataar  and  K.  L.  Fulton,  Z.  Eltklrocktm.,  84,  641  (1660). 

(14)  H.  A.  Bonadco  and  E.  SUbcrman,  Sptdiotkim.  Acla,  Pad  A,  14, 
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Table  I 

Vibrational  Spbctra  op  C1FjO+  Salts  Compared  with  That  of  SOFj 

-Observed  frequencies,  cm-1,  and  relative  in  tensities — — ■ — — ■ — , 


CIF1O+BF4- i 

•Raman * , ClFiO  +AsF* 


HF  join 

Solid 

If 

Raman 

Ir 

1333  (3.5)1 

1333  (4)  1 

1334  * 1 

1333  (2)1 

1331  ms  \ 

1323  ib  / 

1321  sh  (2)/ 

1322  m / 

1205  m 

1320  Cl)/ 

1310  mw  / 

1020  (04-),  br 

000-1150  vs 

820  «h 

77  .),  P 

771  (3) 

772  w 

741  (10),  P 

731  (10) 

734  m 

757  br  (3) 

750  br  s 

710  tb,  ilp 

605  (5) 

604  s 

600  (1) 

695  vs 

605  vs 

674  (10) 

675  sh,  w 

563  (3) 

561  ms 

530  sh  (1) 

532  w 

510  (2) 

521  sh 

612  (2.5),  P 

513  (3) 

514  9 

511  (2) 

500  ms 

402  (1.0) 

404  (4) 

405  tu 

406  (2) 

407  sb 

383  s 

383  (1) 

384  (2) 

383  ui 

3 /8  *h  (1) 
371  (4) 

378  sh 

355  (0  + ) 

* See  ref  4. 

356  (1) 

356  mw 

Figure  1. — Vibrational  spectrum  of  solid  ClFiO  +BF«":  (A)  in- 

frared spectrum  recorded  as  a AgCl  disk;  (B)  Raman  spectrum, 
exciting  line  48H0  A.  C indicates  spectral  slit  width. 


Figure  2. — Vibrational  spectrum  of  solid  ClFiO4' AcF«  . 


-SOF.*- 


Raman 

(g»») 

Raman 

(Hq> 

Ir 

(«**) 

OXFi  (C.) 

— -Alignment 
AeP.-  (Og) 

BFr-  (Pi) 

13301 

1308  (10) 

134  ll 

n(A') 

1320/  (10> 

1331/  * 

« + w(P0 
n(F.) 

*i  + n(Fi «) 
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808  (10) 

804  (6) 

808  s 

«(A') 

747  (4) 

710  (0) 

747  vs 

«(A") 

r*(F|u) 
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»i(B,) 

«(Fi)3>* 
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530  (8) 
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300  (4) 
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390  (4) 
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►«(A') 
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Figure  3. — Raman  spectrum  of  C1F,0+BF(~  in  HF  solution: 
traces  A and  B,  incident  polarization  perpendicular  and  parallel, 
respectively.  C indicates  spectral  slit  sidth. 

The  six  remaining  bands  observed  in  the  spectra  of 
both  C1FjO+AsF6~  and  ClFaO+BF<~  complexes  should 
be  due  to  C1F20+.  A four-atom  ion  of  the  type  ZXYS, 
such  as  C1F20  +,  could  have  Ci , or  C,  symmetry.  Dis- 
tinction between  symmetry  C'u  and  C,  should  be 
possible  by  means  of  polarization  measurements  on  the 
Raman  bands.  For  symmetry  Cj„  we  would  expect 
three  polarized  Raman  bands,  whereas  for  C„  four 
of  them  should  be  polarized.  The  Raman  spectrum 
of  C1FjO+BF4~  in  HF  solution  (Figure  3)  shows  that 
of  the  bands  assigned  to  C1F20+,  three  bands  (1333, 
741,  and  512  cm-1)  are  clearly  polarized  and  one  (710 
cm-1)  is  depolarized.  It  is  difficult  to  determine  the 
polarization  state  of  the  remaining  two  lines  at  404 
and  384  cm"1,  respectively.  However,  polarization 
measurements4  for  isoelectronic  SOFj,  which  has  a Ra- 
man spectrum  very  similar  to  that  of  ClFjO +,  indicate 
that  the  less  intense  lower  frequency  mode  is  weakly 
polarized,  and,  hence,  should  be  assigned  to  F4(A'). 
Intuitively,  however,  one  might  expect  the  vt(A')  mode 
to  result  in  a more  intense  Raman  line  than  p*(A")- 
Unfortunately,  Figure  3 does  not  allow  a clear-cut 
distinction  between  the  two  possible  assignments. 
Consequently,  assignments  for  ClFtO + were  made  by 
complete  analogy  with  SOFj,  which  was  shown17  to 

(17)  R.  C.  Ferguson,  J.  Amir.  Cktm.  Sot.,  It,  850  (IBM). 
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Figure  4.—  -Correlation  between  the  vibrational  frequencies  of 
ClFiO  + and  those  of  SFaO. 

have  symmetry  C,.  A plot  of  the  vibrational  fre- 
quencies of  ClFjO+  against  those  of  SOFs  (see  Figure 
4)  shows  an  approximately  linear  correlation.  This 
linearity,  together  with  relative  band  intensity  con- 
siderations and  the  results  from  the  force  constant 
calculations  (see  below),  supports  the  assignments 
given  in  Table  I,  although  a possible  reversal  of  the 
assignments  of  r>4(A')  and  f«(A")  cannot  entirely  be 
excluded. 

The  spectra  of  both  C1F20  + and  SOF2  species  show  a 
frequency  splitting  of  vi(A').  Whereas  for  SOF2 
the  splitting  is  due  to  Fermi  resonance*  between  vi(A') 
and  + i'j(A'),  the  splitting  for  C1F20+  is  due  to  the 
“Cl  and  *7C1  isotopes.  In  C1F20+,  the  combination 
band  f2  + vt  has  too  low  a frequency  to  account  for 
the  splitting  of  the  band  at  about  1330  crn”1.  Fur- 
thermore, the  frequency  splitting  of  12.5  cm-1,  ob- 
served under  high  resolution  conditions,  agrees  well 
with  the  value  of  12. G cm-1  calculated  for  “ClFaO  + 
and  *7CIF20+. 

The  vibrational  sj>eetrum  obtained  for  the  adduct 
ClFiO-  1.22SbFj  clearly  shows  the  bands  characteristic 
for  the  C1F20+  cation  at  1331,  1319,  740,  ~70(>,  510, 
401,  and  377  cin-1.  The  remaining  bands  can  be  at- 
tributed to  either  SbF0”  or  polymeric  anions  such  as 
Sb2Fn~.’l,“a0  Consequently,  the  formulation  of  the 
adduct  as  ClFaQ+SbF«~  (containing  some  C1F20+- 
ShiFu-)  appears  to  be  appropriate.  Similarly,  the 
1 : 1 adduct11  obtained  in  the  reaction  between  ClFjO 
and  PtF«  contains  the  C1F20+  cation  and,  hence,  is 
best  described  as  ClFaO+PtF«~.  The  infrared  spec- 
trum11 of  ClFjO+PtF«“  shows,  in  the  range  520-350 
cm-1,  no  absorptions  due  to  the  anion  and,  hence, 
proves  that  the  three  ClFsO+  deformation  modes  occur 
at  about  500,  400,  and  380  cm-1. 

Force  Constants. — Two  sets  of  force  constants  were 
computed  for  ClFiO +,  assuming  vt  > f4  (set  I)  and  f4  > 
ve  (set  II).  Since  SOF2  and  SeOF2  are  isoelectronic 
and  have  similar  vibrational  frequencies,4  their  force 
constants  were  reevaluated  by  the  same  method  for 

(18)  J.  K.  Ruff,  iHOrg.  CSrm.,  S,  1781  (ItWtt). 

(18)  J.  Weldleln  and  K.  Dchnickc.  Z Anorf.  AUg.  Ckem.,  tU,  278  (1886). 

(20)  F.  o.  Sladky,  P.  A.  Bulllntr,  and  N.  Hu.Uttt,  J.  Chtm.  So(.  A,  2179 
(1968). 

(21)  C.  J.  Schick,  C.  B.  Lindahl,  1).  Pilipuvich.  and  K.  O.  Chrlitt,  Jnorr 
Ckim..  U.  2201  (1872). 
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comparison.  The  potential  and  kinetic  energy  metrics 
were  computed  with  a machine  method11  using  the 
geometries  shown  in  Table  II.  The  CIO  and  C1F 

Table  II 

Bond  Distances  (A)  and  Bond  Angles  (Deo) 


Assumed 

FOR  CIFjO +, 

GOF,.  and  SeOF, 

ClFtO  * * 

SOFik 

R(X= O) 

1.41 

1.412 

1.576 

r(X— F) 

1 62 

1.585 

1 . 7255 

/3(0=X — F) 

108 

106.82 

104.82 

a(F— X— F) 

93 

92.82 

92.22 

•Estimated.  ‘Reference  17.  * I.  C.  Bowater,  R.  D.  Brown, 
and  F R.  Burden,  J.  Mol.  Speclrosc.,  28,  461  (1968). 

bond  lengths  for  ClFaO+  were  estimated  by  comparison 
with  similar  molecules.  The  correlation  noted  by 
Robinson1*  between  stretching  frequencies  and  bond 
lengths  predicts  a value  of  1.39  A for  the  CIO  bond 
length,  which  is  only  slightly  shorter  than  that  ac- 
cepted here.  The  bond  angles  in  C1F20+  were  esti- 
mated to  be  slightly  larger  than  those  in  SOFj,  as- 
suming that  the  mutual  repulsion  between  the  ligands 
will  increase  with  decreasing  ionic  radius  of  the  central 
atom. 

The  force  constants  were  computed  by  trial  and 
error  with  the  aid  of  a computer,  requiring  exact  fit 
between  the  observed  and  computed  frequencies.  The 
results  are  given  in  Table  III  where  the  force  constants 

Table  III 

Vibrational  Force  Constants  of  C1F,0+,  SOFj, 
and  ScOF>* 

CIP.O- — . 


M > >1 

n > « 

SOP. 

ScOFt 

/« 

fr 

11.21 

11.20 

10.84 

7.87 

a. 44 

3.44 

4.03 

3.67 

It 

1.72 

1.05 

1 . 73 

1.28 

fa 

1.59 

1.78 

1 52 

1.04 

lev 

0 . 32 

0.21 

0.43 

0.23 

fr. 

0.25 

0.39 

0.42 

0.37 

Stretching  constants  in 

nulyn/A  i 

md  deformation 

constants 

ill  inydn  A/radianV 

not  shown  were  assumed  to  be  zero.  The  values  shown 
for  the  interaction  constants,  while  not  unique,  were 
the  simplest  set  that  would  give  an  exact  fit.  Since 
the  force  constants  are  underdetermined,  a statistically 
meaningful  uncertainty  estimate  cannot  be  made. 
Numerical  experiments  show  that  assuming  different 
interaction  constants,  constrained  to  plausible  values, 
resulted  in  valence  force  constants  differing  from  those 
shown  in  Table  III  by  less  than  0.2.  These  uncertain- 
ties are  estimates  and  are  felt  to  be  conservative.  Of 
the  two  sets  of  force  constants  obtained  for  C1F*0+, 
set  I (pa  > p<)  is  more  plausible  since  it  results  in  ft j 
( Z 0=0 — F)  being  larger  than  fa  ( Z F — Cl — F).  The 
good  agreement  between  the  force  constants  of  the 
three  species,  C1F20+  SOFa,  and  SeOFj,  adds  further 
credibility  to  our  assignments  for  C1F»0+.  Table 
IV  shows  the  potential  energy  distribution  for  set  I 
of  C1F20+.  For  set  II,  the  results  were  similar,  except 
for  an  appreciably  larger  contribution  from  /«  to 
p».  The  jxitential  energy  distribution  for  SOFj  and 
SeOFj  was  quite  similar  to  that  of  C1F20  + . Only  the 

(22)  B.  C.  Curtis.  Sprclrockim.  Ada,  Pol  A,  *T,  1888  (1871). 

(23)  E.  A.  Robinson,  Can.  J.  Chtm.,  41,  3031  (1863). 
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Tab  ,e  IV 

Potential  Enbrcv  Distribution  for  CIFjO  *■ 


Assignment 

Frequency, 
cm  _| 

Potential  energy  distribution 

A' 

*1 

1333 

0.97/* 

vj 

731 

0.80/,  + 0 07/a  + 0.00 fp  + 0.00/„ 

v> 

513 

0.76/0  + O.14/fl0  + 0.05/, 

»*. 

364 

0 91/a,  + 0.08/, 

A" 

Vi 

695 

0.96/,  + 0. 14/0  - 0 07 /,. 

Vs 

404 

1.09/0  - 0 20/00  + il  11/, 

more  important  tenns  are  given  in  Table  IV.  Tb  e 
data  show  that  the  normal  modes  assigned  to  the  ob- 
served vibrational  frequencies  are  a good  representa- 
tion of  the  group  vibrations  described  by  the  symmetry 
coordinates. 

Force  constants  have  previously  been  computed  for 
both  SOFj  and  SeOF2.  Our  values  for  SeOF2  are 
very  similar  to  those  reported  by  PaeUold.24  For 
SOF2,  however,  our  results  do  not  agree  with  those 
computed  by  Cotton  and  Horrocks.21  The  largest 
discrepancy  was  found  for  fan  for  which  Cotton  and 
Horrocks24  re|>ort  an  abnormally  high  value  of  .'1.47 
mdyn  A/radian2.  This  value  appears  much  too  high 
for  this  type  of  deformation  vibration  and  cannot  bc- 
explained  by  the  slightly  higher  frequency  value  of 
410  cm'1  assumed  for  f.  by  Cotton  and  Horrocks.24 

The  two  constants  of  greatest  interest  are  the  two 
stretching  force  constants.  Table  V,  showing  a com- 

Tablb  V 

Cl-O  Valence  Force  Constants  as  a Function 
of  the  Oxidation  Number  and  Formal 
Electrical  Charge  of  the  Central  Atom 


/*. 

Oxidation  state  of 

Formal  electrical 
charge  on  the 

Specie* 

uidyn/A 

the  central  atom 

central  atom 

C1F,0  + 

11.21 

+v 

Positive 

ClOjF- 

9.41 

+ V1I 

CIFjO* 

9.37 

4-V 

C1F.O-  * 

9.13 

-L  V 

Negative 

C10,F' 

9.07 

+v 

cio,+ « 

8.96 

+v 

Positive 

* W.  Sawodny,  A.  r'adiui , ami  K.  Ballein.  .Spn  Iroekim.  Acid, 
21,  995  (1965).  ‘Relct'ttce  5.  ' Reference  g.  •>  I).  F.  Smith. 
G.  M.  Begun,  ami  W.  H.  Fletcher,  Spec troc him.  Ada,  20,  1703 
(1964).  ‘ Reference  10. 

parison  of  the  Cl  - O valence  force  constants  of  similar 
molecules  and  ions,  reveals  tin  4 /*  in  C1F20+  is  larger 
by  about  l.S  mdyn/A  than  the  largest  value  known  for 
any  other  C1=0  containing  compound.  Whereas 
the  formal  positive  charge  on  the  central  atom  in 
CIFjO + will  certainly  contribute  to  the  high  fR  value, 

(24)  R.  Pwtxold,  Z Ck<M.,  «,  272  (1964). 

(25)  F.  A.  Cot  too  and  W.  D.  Ho  r rock  a,  Jr..  Sp/ctrochim.  A (la,  1$,  353 
(1WK». 

(26)  It  should  be  pointed  out  that  the  definition  of  the  angles  a , nd  0 in 
our  work  and  that  of  ref  23  is  reversed.  Furthermore,  the  value  of  in 
ref  23  was  normalized  for  distance  to  allow  a better  comparison. 
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it  cannot  account  for  it  solely.  Contributions  from 
the  resonance  structures  below  could  explain  the  high 


f H value  in  C1F2Q  + . The  following  observation  seems 
noteworthy.  In  C1F«0_,  the  Cl-O  valence  force 
constant  value2  is  about  the  same  as  those  in  similar 
compounds,  but  the  Cl  F valence  force  constant  de- 
creases dramatically.  In  C1F2Q  + , it  is  the  CIO  valence 
force  constant  which  increases  significantly,  whereas 
the  C1F  \alenee  force  constant  is  within  the  usual 
range.  This  seems  to  indicate  that  the  eflfe  five  elec- 
tronegativity of  pentavalent  chlorine  is  intermediate 
between  those  of  oxygen  and  fluorine.  Hence,  in 
C1F*0+  the  positive  charge  is  partially  located  on  the 
oxygen  atom,  whereas  in  ClFeO-  the  negative  charge 
is  mainly  located  on  the  fluorine  ligands. 

The  relatively  high  values  obtained  for  both  the  CIO 
and  C1F  valence  force  constants  in  C1F20+  indicate 
that  the  bonding  in  C1F20+  is  best  described  by  a 
mainly  covalent  bond  model  employing  sp3  hybridized 
orbitals  of  the  chlorine  atom  for  the  two  Cl-F  bonds, 
the  Cl  O a bond,  and  the  free  electron  pair.  Bond 
models  involving  scmiionic  three-center,  four  electron 
p p a bonds27-10  are  not  possible  owing  to  the  ge- 
ometry of  ClFaO'1  (absence  of  linear  F-Cl-F  groups) 
and  would  result  in  a considerably  lower  value  for  the 
Cl  F valence  force  constants. 

In  summary,  the  C1F30- Lewis  adducts  investigated 
in  this  study  are  ionic  and  contain  the  C1F20+  cation. 
The  structure  and  bonding  of  this  cation  strongly 
resemble  those  of  isoelectronic  SOF>.  The  close  corre- 
lation between  the  two  isoelectronic  couples,  C1F20+- 
SOF2  and  C1F.O-  XeOF.,  respectively,  demonstrates 
that  the  analogy  between  halogen  fluorides  and  iso- 
electronic chalcogen  or  noble  gas  fluorides  is  likely  to 
hold  also  for  the  oxyfluoridcs. 
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Cationa  containing  a 4V  chlorine  central  atom  are  veil  known.  Thus,  C102+ 

(l-3),  C1?20+  (4,5),  and  C1F.+  (fi ,7)  have  been  prepared  and  characterised. 
However,  to  our  knowledge,  no  reports  have  been  published  on  the  existence  of  a 
cation  derived  from  beptavalcnt  chlorine.  In  this  paper,  we  viab  to  report  the 
successful  synthesis  of  a +VII  chlorine  containing  cation,  ClOgFg*. 

4 - 

The  difluoroperchloryl  cation,  ClO^F^  , was  prepared  in  the  fora  of  its  PtFg 

salt  by  reacting  FC102  with  Ptd?6  in  a sapphire  reactor  at  25°.  The  following 

competing  reactions  were  observed! 

2FC102  + 2PtFe ►C102+PtF6"  + ClDgF^PtFg" 

and 

2FC102  + 2PtF6 ►2C102+PtFG~  4 F2 

Based  on  the  weight  increase  observed  for  the  nonvolatile  reaction  product  and 
the  auotwt  of  F2  evolved,  the  yield  of  ClOgF^  salt  was  found  to  be  about  10J(. 
The  infrared  spectrum  of  tbe  stable,  yellow  solid  recorded  as  an  AgCl  di*k 
shoved  the  bands  listed  in  Table  I in  addition  to  those  characteristic  for 
C102+  (1)  and  PtFg”  (8).  Their  assignment  to  ClOgF^  is  supported  by  comparison 
with  tbe  spectrum  of  isoelectronic  SO^Fg  (9),  tbe  pronounced  shifts  of  the  C102 
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stretching  Bodes  to  higher  frequencies,  and  the  observed  3^C1-37C1  isotopic 
shifts  (see  Table  1).  Comparison  of  the  observed  isotopic  shifts  vith  those 
coaqxited  (assuming  for  ClOgFg*  symmetry  tetrahedral  bond  angles  and  100< 

characteristic  SMdes)  above  an  excellent  agreement.  Additional  evidence  for  the 
formation  of  va*  obtained  from  its  reaction  vith  FNO,  yielding 

(10). 


TABLE  I 

Infrared  Stretching  Vibrations  (cm""*')  of  CIO^F^'*  and  SO^F^  and  Their 
Assignment  in  Point  Group  Together  vitb  Observed  and  Computed 
36C1-37C1  Isotopic  Shifts 


C102P2+  \ * SOgFg ' Assignment 


Frequency 

Intensity 

Av  . 

ob»  • 

Av  , . 

cal cd e 

Frequency 

Intensity 

1484 

V* 

16.5 

15.1 

1602 

vs 

V6 

(Bx), 

va^02 

1248 

0 

8.5 

8.0 

1268 

0 

V1 

(Al) » 

VsymXOg 

828 

VI 

10 

8.4 

885 

V0 

V8 

(b2), 

uaaXF2 

757 

• 

< 7 

5.5 

848 

0 

V2 

(Aj)t 

v»y«XF2 
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4. 

The  existence  of  CIO^F^  • * cation  containing  a +VII  chlorine  central  ato>,  has 
recently  been  discovered  (l).  This  cation  had  been  prepared  in  low  to  moderate 
yields  by  the  flaorination  of  PCIOg  with  the  powerful  fluorinating  agent,  PtF^ 
(2).  Since  the  CIO^F^*  salt  can  be  considered  as  an  adduct  between  ClF^Og  and 
a strong  Levis  base,  it  appeared  possible  to  prepare  the  parent  compound, 
CIPgOg,  by  reacting  ClFjjO^PtPg-  with  a strong  Levis  base. 

X sample  of  ClO^PtFg-  containing  about  lOJt  of  d.1?202+PtF6  was  treated  at  -78° 
in  a sapphire  reactor  with  a large  excess  of  1N0  for  several  days.  No  material 
noncondensible  at  -196°  (i.s.  Fg)  was  observed.  The  products,  volatile  at  25°, 
were  removed  and  separated  by  fractional  condensation  through  a series  of  traps 
kept  at  -126,  -132,  -142,  and  -196°.  The  -142°  fraction  contained  a novel 
compound  which  was  identified  by  its  infrared  apectnus  as  ClP^Og.  The  observed 
frequencies  and  band  contours  are  listed  in  Table  1 and  are  in  excellent 
agreement  vith  those  expected  for  a trigonal  bipyramidal  structure  of  symmetry 
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TABU  I 

Infrared  Spectrum  of  Cl F„0o  and  its  Assignment 

4 4 


Frequency 

(cm"M 

Intensity 

Observed 

Band  Contour 

Assignment  ior 

Point  Grout)  C. 

1334 

a 

B-type 

V10  'taCW2 

1066 

a 

C 

vx  (Aj),  v»ymC102 

866 

▼a 

A,  PQR 

v?  (B^),  va*01F2ax 

681 

VI 

C 

v2  (Ax),  vciFsq 

601 

a,  pqn 

Vg  6 vagClOg 

~ 630 

mr 

c 

v3  (A x),  «scissC102 

The  solid  residue  obtained  from  the  RIO  disp-scement  reaction  shoved  the 
correct  weight  change  expected  for  conversion  into  N0+PtFg  • Its  identity  as 
NO+Ptl‘g_  van  confirmed  by  infrared  spectroscopy. 

Chlorine  trifluoride  dioxide  is  vfaite  as  a solid  and  colorless  as  a liquid. 

It  appears  to  be  stabls  at  26°.  Its  volatility  is  intermediate  between  that  of 
CU?6  and  FClOg  as  expected  on  the  basis  of  the  molecular  veights.  Thus,  CIF^ 
is  completely  condensed  at  ~126°t  ClF^Og  passes  through  a trap  kept  at  -132°, 
whereas  FCIO^  passes  through  a trap  kept  at  -142°.  The  observed  stability 
and  lack  of  color  demonstrate  that  our  product  cannot  be  identical  vitb  the 
previously  reported  violet  and  unstable  ClF'OgFg  (3)  and  ClFg'Og  (4)  addition 
compounds  supposedly  having  the  empirical  composition  ClFgO^. 
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THE  HEXAFLUCaOCHLOBINE  (VII)  CATION,  ClFg* 

Karl  0-  Christe 

Kocketdyne,  A Division  of  North  Anerican  Bockvell  Corporation, 

Canoga  Park,  California  61304 

IKtetiutd  10  Afrit  IMS) 

It  was  recently  show  (l)  hy  Chriate  that  PtPg  can  oxidatively  fluorinate 
JClOg  to  fora  the  novel  ClOgFg*  cation  according  to> 

ok®  4 . *r  — 

2FC102  + 2PtFe — ► C102  Pt?fl  + CIO^  PW6 

The  infrared  apectroa  of  the  solid  reaction  product  exhibited,  in  addition 
to  the  hands  characteristic  of  the  ClOgT^*,  C102+*  and  PtPg  ions,  a new 
btind  of  Medina  intensity  at  860  ca  This  band  could  not  be  assigned  to 
any  know  species.  The  yield  of  ClOgFg*  obtained  froa  the  PtF#  fluorinatioc 
reaction  at  25°  was  relatively  low,  owing  to  the  following  competing 
reaction: 

2FC10g  + 2PtPg ► 2C102+PtP6"  + P2 

In  order  to  suppress  this  competing  reaction,  we  have  studied  the  KlOj-PtTj 
sy steia  at  -78°.  When  PtFg  was  exposed  for  48  hours  to  tn  excess  of  JClOg 
at  -78°,  the  following  unexpected  reaction  occurred: 

«PC102  + OPtTg — ►6C102+Ptf8"  + ClP#+PtP8"  + 02 

The  observed  PClOg-Ptf^  combining  ratio,  weight  gain,  and  02  evolution 
deviated  by  less  than  3f  froa  those  calculated  for  the  above  equation.  The 
infrared  spectrua  of  the  solid  reaction  product  showed  C102+Pt?8  as  the 
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■sin  product,  a trace  of  CIO,^*,  and  a strong  800  cm-*  absorption.  The 

identity  of  the  novel,  stable  species  having  an  800  cm-*  infrared  absorption 
4.  19 

as  Clfg  vas  unambiguously  established  by  F nmr  and  vibrational  spectroscopy, 

18 

and  its  reaction  chemistry.  The  F nmr  spectrum  of  the  product  dissolved 
in  HF  contains  two  sets  of  quadruplets  at  -391  ppm  relative  to  CSC1„ 

(external  standard).  The  observed  splitting  is  due  to  chlorine-fluorine 
spin  spin  coupling  and  the  two  naturally  occurring  Cl  isotopes.  The  coupling 
constants  are  J ^CIF  » 337  and  J 37C1F  = 281  cps  and  are  the  first  reported 
examples  of  veil  resolved  chlorine-fluorine  spin  spin  coupling.  The 
pronounced  dovn-field  shift  and  the  ineffectiveness  of  chlorine  quadrupolc 
relaxation  are  convincing  evidence  for  the  presence  of  an  octahedral  C1F  * 
cation. 


The  vibrational  spectrum  of  ClFg+  is  given  in  Table  I and  is  compared  to 
that  of  isoelectronic  SFg  (2,3). 


TABLE  I 

Vibrational  Spectrum  of  ClFg+  and  its  Assignment 
Frequency  (cm  *),  intensit 


+ 


Assignment  for 


Point  Group  0^ 


890  vs 
682  ■ 


BA 

JR 

RA 

679  vs 

769  vs 

680  ■ 

948  rs 

640  b 

615  b 

513  m 

522  ■ 

V1  (Alg) 

V2  <Kg> 

V3  <Flu> 
V4  <Plu> 


v5 


Vo!,  a.  No.  S 


HEXAFLUOROCHLORINE  (VU)  cation 


743 


As  can  be  seen,  the  observed  spectrun  closely  resembles  that  of  SFg  aad 

confirms  the  octahedral  structure  of  ClFg*.  The  820  cm  infrared  band 

shows  a 35C1~37C1  isotopic  splitting.  The  observed  value  of  about  13  en~l 

is  in  excellent  agreeanut  with  the  value  of  12.6  cm"1  computed  for  octahedral 

CH+,  assuming  100J(  characteristic  nodes, 
o 

A displaceaent  reaction  between  ClP8+PtP6“  aad  RJO  was  carried  out  under 
conditions  sinilar  to  those  which  had  successfully  been  used  for  the  synthesis 
of  C1*302  fron  ClOgF^PtFg*”  and  SNO  (4).  Since  ClFg+  can  be  considered  as 
a Lewis  acid  adduct  of  C1F7,  the  products  fron  the  MO  displacenent  reaction 
should  allow  gone  conclusions  concerning  the  stability  of  the  hypothetical 
compound  C1P7.  The  follovinx  results  were  obtained  for  the  dieplacenen* 
reaction i 

. 70®  4.  _ 

ClPg  PtFg-  ♦ INO — ►NO  PtPe  + C1P5  + F2 

This  indicates  that  C1F7  under  the  given  reaction  conditions  is  unstable 
at  tenperatures  as  low  as  -78°  towards  decomposition  into  ClFg  and  F2» 

Both  cations,  C1C2?2+  (l)  and  ClFg+,  are  now  well  characterised.  This 
suggested  the  possible  synthesis  of  the  into  mediate  CIF^O  cation  fron 
CIF.O  and  PtF..  At  26° , the  nein  reaction  east 

2ClFgO  + 2PtFg — ►2ClF20+PtF6"  + P2 

In  addition,  snail  anounts  of  FCIOg  and  ClFfi  were  observed  anong  the 
volatile  reaction  products.  When  the  reaction  teapersture  ms  lowered  to 
-46°,  the  aain  prods  .ts  were  again  CiFgO^FtFg  and  Fg.  However,  anall 
anounts  of  ClOgF^  and  ClFg+PtFg“  bad  also  foiaed.  No  evidence  for  tho 
presonce  oi  any  CIF^O*  could  bo  obtainod.  This  suggests  that  tetrabodral 
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ClFgOg4  Rad  octahedral  CLP^+  are  »ora  favorable  products  than  the  pseudo 
trigonal  bipyramidal  CLF^Q4. 

In  the  lov-teaperature  reaction  between  FClOg  and  PtP^,  the  yield  of  ClPfl+ 
can  be  at  host  l/fl  based  on  PtF^.  Since  Roberto  t*d  previously  obtained 
(6)  for  the  ClFg-PtFg  ays  ten  a solid  shoving  a strong  800  cn-^  infrared 
absorption,  ve  have  also  studied  this  system  in  order  to  increase  the  possible 
yield  of  C1?q*  to  SOjf  and  to  verify  that  the  products  fron  both  systens 
contain  the  seas  species,  ClFg*.  Tvo  reactions  vers  carried  out  at  25°  with 
uv  irradiation.  When  unfiltered  uv  irradiation  was  used,  the  reaction  was 
complete  in  several  hoursi 

2C1*8  + ’—*-“*”*  »ci T+mr-  + cir+rtr-  * f2 

Using  a Py rex -voter  filter,  a reaction  time  of  tvo  veeks  vas  required  vith 
the  products  being: 

2cur.  + 2PtFfi — lu*r-»  cir/W  ~ + CIF/W  ~ 

6 6 cv  4 6 6 6 

Since  unfiltered  uv  light  can  decompose  Cl?6  into  Cli?3  + ?2  (6)  and  since 
C1P2+  aalta  are  mere  stable  than  CU^+  salts  (7),  the  observed  displacement 
of  C1F^+  by  Cl?3  is  not  surprising.  The  results  from  our  vibrational 
spectroscopic  study  confirm  that  the  products  obtained  from  the  reactions 
of  PtPg  vith  either  FClOg,  CLF^O,  or  contain  indeed  the  identical  new 
speoies,  CIF^*. 
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On  the  Reactions  of  Chlorine  Fluorides  with  Hydroxyl  Compounds 

By  KARL  O.  CHRISTE 
Received  October  S,  1971 

A systematic  study  was  carried  out  of  the  reactions  of  CiF,  ClFi,  ClFi,  and  ClOjF  with  a monofunctional  (HONO*)  and  a bi- 
functional  (HOH)  hydroxyl  compound.  The  nature  of  the  observed  reaction  products  depends  upon  which  reagent  is  used 
in  excess  but  can  be  rationalized  for  both  hydroxyl  compounds  on  a common  basis.  The  observed  analogies  and  additional 
experimental  data  allow  some  generalizations  concerning  the  nature  of  some  of  the  intermediate  reaction  products. 


Introduction 

Most  of  the  studies  dealing  with  chlorine  fluorides 
have  been  concentrated  on  three  aspects:  their  syn- 
theses and  physical  properties,  their  use  as  fluorinating 
agents,  and  their  ability  to  form  adducts.  Their  reac- 
tion chemistry,  in  particular  that  involving  hydroxyl 
compounds,  has  been  largely  neglected.  This  may 
have  been  partially  due  to  the  violent  nature  of  most  of 
the  reactions  and  the  great  experimental  difficulties  en- 
countered in  working  with  most  of  these  systems. 
Thus,  only  the  reactions  of  CIF,  ClFj,  and  ClOjF  with 
HjO,1 2 3 4 5 *’*  of  CIF  with  an  excess  of  HONO*,*  and  of  an  ex- 
cess of  ClFs  with  H*0*  have  been  reported.  In  this 
paper,  we  wish  to  report  the  results  of  a systematic 
study  of  CIF,  ClFj,  C1FS,  and  ClOiF  with  monofunc 
tiona*  (HONOi)  and  bifanctional  (HOH)  hydroxyl 
compounds  with  either  reagent  in  excess. 

Experimental  Section 

Caution I Most  of  these  reactions  are  extremely  vigorous  and 
can  produce  shock-sensitive  materials.  They  should  be  carried 
out  on  a small  scale  only  with  appropriate  shielding  and  safety 
precautions. 

Material!  and  Apparatus. — The  materials  used  in  this  work 
were  manipulated  in  a Monel  vacuum  line  equipped  with  Teflon 
FEP  U traps.  For  reactions  involving  an  excess  of  halogen 
fluoride,  the  line  was  well  passivated  with  C1F|.  Pressures  were 
measured  with  a Heise  Bourdon  tube-type  gauge  (0-1500  mm  ± 
0.1%).  Chlorine  nmnoflucride  was  prepared  by  heating  an 
equimolar  mixture  of  Cl*  and  ClFj  to  150°  for  several  hours  in  a 
stainless  steel  cylinder.  Chlorine  trifluoride  (The  Matheson 
Co.)  and  CIF*  (Rocketdyne)  were  commercial  materials.  The 
preparation  of  ClF*+AsF«“  has  previously  been  described.* 
Chloryl  fluoride  was  prepared  from  KCIO*  and  Fa  by  the  method* 
of  Woolf  and  CltO  was  prepared  from  HgO  and  Cla  by  the 
method7  of  Schack.  Nominally  anhydrous  HONOa  was  pre- 
pared from  fuming  nitric  acid  by  distillation  from  concen- 
trated HaSOa.  All  volatile  materials  were  purified  prior  to  use 
by  fractional  condensation.  Their  purities  were  determined  by 
measurements  of  their  vapor  pressures  and  infrared  spectra. 
Infrared  spectra  were  recorded  on  a Perkin-Elmer  Model  337 
spectrophotometer  in  the  range  4000-400  cm-1  using  a 5 -cm 
stainless  steel  cell  fitted  with  AgCl  windows.  Mass  spectra  were 
recorded  on  a quad ru pole  mass  spectrometer  (Electronic  Associ- 
ates Inc.  Model  Quad  300)  using  a stainless  steel-Teflon  FEP 
inlet  manifold. 
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Reaction  of  Excess  CIF  with  HONO*. — Anhydrous  HONOt 
was  condensed  into  one  U of  a douhie-U  Teflon  FEP  trap, 
weighed  (5.70  mmol),  and  cooled  to  —196°.  Chlorine  mono- 
fluoride (12.8  mmol)  was  condensed  at  -196°  into  the  second  U 
of  the  trap.  The  V containing  HONOa  was  allowed  to  warm  up 
to  the  melting  point  ( — 42°)  of  MONO*.  Then,  the  temperature 
of  the  IJ  containing  CIF  was  gradually  increased  and  both  com- 
pounds were  allowed  to  interact  slowly.  First,  a brownish 
color  developed.  The  contents  of  both  U’s  were  combined  in  one 
U and  kept  at  —78°  for  10  min.  The  formation  of  a white  solid 
was  observed.  The  mixture  was  allowed  to  warm  up  to  23°  and 
was  kept  at  this  temperature  for  30  min.  It  was  cooled  again 
to  — 196°,  at  which  temperature  no  noncondensable  material  was 
observed  and  was  then  during  warm  up  subjected  to  fractional 
condensation.  The  individual  fractions  were  measured  by 
volume  and/or  weight  and  identified  by  their  vapor  pressures  and 
infrared  and  mass  spectra.  The  reaction  products  consisted  of 
CIONO*  (5.7  mmol),  HF,  and  unreactcd  CIF  (7.0  mmol). 

Reactions  of  CIF  with  Excess  HOH. — Chlorine  monofluoride 
(2.34  mmol)  and  HOH  (1.17  mmol)  were  combined  at  — 196“  in 
a Teflon  FEP  ampoule.  Upon  warming  of  the  ampoule  from 
— 196  to  —78°,  melting  of  the  mixture  occurred  and  a dark  brown 
liquid  was  formed.  After  keeping  the  mixture  at  —78°  for  20 
hr,  the  reaction  products  were  separated  and  consisted  of  C1«0 
(0.65  mmol),  Cl>  (0.42  mmol),  CIO*  (0.21  mmol),  HF,  and  0». 

A second  reaction  carried  out  at  26°  showed  as  the  only 
products  CIO*,  Cl*,  and  O*  in  a mole  ratio  of  1 : 2:0.25  and  HF. 

Reaction  of  CIF  with  CljO. — Chlorine  monofluoride  (2.33 
mmol)  and  0*0  (1.63  mmol)  were  combined  at  —196°  in  a Tef- 
lon FEP  U trap.  The  mixture  was  allowed  to  warm  to  —78° 
and  was  kept  at  this  temperature  for  15  hr.  The  color  of  the 
liquid  reaction  mixture  had  changed  after  this  period  from  an 
original  dark  brown  to  yellow.  The  products  were  separated 
and  consisted  of  ClOjF  (0.81  mmol).  Cl*  (1.65  mmol),  and  un- 
reacted CIF  (1.50  mmol). 

Retction  of  HONO*  with  Excess  CIF*. — In  order  to  establish 
the  stoichiometry  of  the  reaction,  HONO*  (8.60  mmol)  was  com- 
bined with  a large  excess  of  CIF*  (18.5  mmol)  at  —196°.  Upon 
warm  up,  a violent  reaction  occurred  which  required  moderation 
by  cooling  and  a brownish  color  developed.  After  completion 
of  the  reaction  at  —78°,  the  products  were  separated  and  shown 
to  consist  of  NO*F,  ClOjF,  CIF,  KF,  and  10  mmol  of  unreacted 
CIF*  as  expected  for  a 1 : 1 reaction.  Since  CIF*  forms  an  adduct 
with  NOtF  which  complicates  the  separation  of  the  reaction 
products,  subsequent  experiments  were  carried  out  with  ratios 
of  the  starting  materials  close  to  1:1.  Typically,  CIF*  (10.6 
mmol)  was  slowly  admitted  into  a Teflon  FEP  U trap  containing 
HONO*  (10.5  mmol)  at  a temperature  slightly  above  the  melting 
point  of  HONO*.  Initially,  an  orange  color  (indicating  the 
presence  of  CIO*)  developed,  followed  by  solidification  of  the 
mixture.  When  no  further  CIF*  uptake  took  place  at  —78°, 
the  remaining  CIF*  was  added  at  — 196°.  The  reaction  was 
completed  by  temperature  cycling  between  —78  and  —196°  and 
no  noncondensable  material  was  observed  at  — 196°.  Fractional 
condensation  of  the  reaction  products  showed  NOtF'  (10  mmol), 
HF  (9  mmol),  CIO*!7  (5.9  mmol),  and  CIF  (4.4  mmol). 

Reaction  of  CIF*  with  Excsaa  HONO*. — Nominally  anhy- 
drous KONO*  (10.4  mmol)  and  CIF*  (3.45  mmol)  were  combined 
at  — 78°  in  a Teflon  FEP  U trap.  The  CIF*  was  added  in  incre- 
ments, and  after  each  addition,  the  mixture  was  allowed  gradu- 
ally to  warm  up  until  reaction  occurred.  During  the  CIF*  addi- 
tions, the  reaction  mixture  turned  orange,  indicating  the  forma- 
tion of  CIOs-  After  completion  of  the  ClFi  addition,  the  mix- 
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ure  was  kept  for  8 hr  at  —78°.  The  reaction  mixture  consisted 
of  CIO.  (1.7  mmol),  CIONO,  (1.7  mmol),  HF  (10  mmol),  N.O., 
and  O).  No  unreacted  C1F.  was  recovered. 

Reaction  of  Excess  CIF,  with  HONOj.— Chlorine  penta- 
fluoride  (4.0  mmol)  and  HONO,  (3.3d  mmol)  were  condensed 
at  —106°  into  the  separate  bends  of  a double-U  Teflon  FEP 
trap.  The  HONO.  was  wanned  to  its  melting  point  and  CIF, 
vapor  was  allowed  to  contact  the  liquid  HONO.  phase.  A 
vigorous  reaction  took  place.  At  first,  a brown  color  developed, 
and  upon  addition  of  all  the  CIF,,  two  liquid  layers  formed . The 
upper  one  containing  most  of  the  material  was  colorless,  whereas 
the  lower  one  was  brown.  The  mixture  was  allowed  to  interact 
for  several  minutes  at  —78°  and  was  then  allowed  to  warm  to 
ambient  temperature,  at  which  point  the  brown  color  disap- 
peared. Recooling  of  the  mixture  to  — 196°  showed  the  absence 
of  noncondensable  material.  The  reaction  products  consisted 
of  CIO.F  (1.66  mmol),  C1F.  (2.4  mmol),  NOtF  (3.3  mmol),  and 
HF. 

Reaction  of  CIF,  with  Excess  HONO.. — Chlorine  pentafluoride 
(1.39  mmol)  and  HONO.  (6.76  mmol)  were  combined  at  —196°  in 
n.  Teflon  FEP  U trap.  A vigorous  reaction  took  place  upon 
melting,  which  was  moderated  by  intermittent  cooling  with 
liquid  N>.  After  completion  of  the  reaction,  the  brown  liquid 
product  was  kept  at  23°  for  10  min  and  then  recooled  to  — 196*. 
The  reaction  products  consisted  of  O.  (0.42  mmol),  C10.F 
(0.55  mmol),  CIONO,  (0.29  mmol),  CIO,  (0.36  mmol),  NtOi, 
and  HF. 

Reaction  of  CIF,  with  Excess  HOH. — Chlorine  pentafluoride 
(2.00  mmol)  and  HOH  (6.00  mmol)  were  combined  at  — 198°  in 
a Teflon  FEP  U trap.  A vigorous  reaction  started  upon  melting 
of  the  Cl  Ft,  which  was  controlled  by  intermittent  cooling  with 
liquid  N«.  The  yellow  to  orange  mixture  was  kept  at  23°  for  3 
hr  before  being  recooled  to  —196°.  The  products  consisted  of 
CIO,  (1.36  mmol),  C10.F  (0.36  mmol),  CIO.F  (0.18  mmol),  O, 
(<0.6  mmol),  and  HF. 

'Reaction  of  ClOjF  with  Excess  HONO,.—  Chtoryl  fluoride 
(2.36  mmol)  and  HONO.  (2.16  mmol)  were  combined  at  —196°  in 
a Teflon  FEP  U trap.  The  mixture  was  allowed  to  warm  up  and 
to  react.  The  resulting  homogeneous  brown  solution  was  kept 
for  30  min  at  23°,  at  which  temperature  gas  evolution  was  ob- 
served. The  reaction  products  were  O,  (0.25  mmol),  CIO. 
(0.48  mmol),  C10.F  (1.86  mmol),  N.O,,  HONO,,  and  HF. 
Since  only  0.40  mmol  of  C10.F  reacted,  the  amount  of  HONO. 
available  (2.16  mmol)  presented  a true  excess. 

Hydrolysis  of  ClF,+AsF,-  in  HF  Solution  . — To  a mixture  of 
ClF,+AsF,'  (21.7  mmol)  and  anhydrous  HF  (6  ml  liquid),  wet 
HF  (5  ml  containing  20.6  mmol  of  H.O)  was  slowly  added  at 
— 78°.  At  first  a brownish  red  color  developed  which  gradually 
changed  to  yellow.  After  keeping  the  mixture  at  —78°  for  1 hr, 
the  volatiles  were  removed  in  vacua.  The  solid  residue  was 
shown  by  infrared  spectroscopy  to  consist  of  C10»+AsF,-  and 
ClFi+AsF»-. 

Results  and  Discussion 

The  following  reaction  systems  were  studied : excess 
C1F  + HONO,,  excess  C1F,  + HONO,,  excess  C1F,  + 
HONO,,  C1F,  + excess  HONO,,  C1F»  + excess  HONO,, 
C10,F  + excess  HONO,,  and  C1FS  + excess  HOH. 
The  reactions  between  excess  C1F,  and  HOH,4  between 
C1F  and  excess  HONO,,'  and  between  C1F,  C1F,,  or 
ClOjF  and  HOH  with  either  reagent  in  excess1-*  have 
previously  been  reported.  In  order  to  establish  the 
nature  of  some  of  the  intermediate  products,  the 
CIF-C1»0  system,  the  low-temperature  reaction  of 
C1F  with  an  excess  of  water,  and  the  hydrolysis  of 
ClF»+AsF,"  in  HF  solution  were  also  studied.  Con- 
sequently, complete  experimental  data  are  now  avail- 
able for  a systematic  evaluation  of  the  reactions  be- 
tween chlorine  fluorides  and  mono-  and  bifunctional 
hydroxyl  compounds.  The  following  equations  (some 
of  them  expressed  in  multiples  for  easier  comparison) 
summarize  the  observed  reactions ; 
excess  C1F  + HOX 

4C1F  + 4HONO,  — ► 4HF  + 4C10NO,  (1 ) 

6C1F  + 2HOH  — ► 4HF  + CKV*  + 20.  (2)‘-* 


C1F  4-  excess  HOX 

4C1F  + 4HONO,  — *-  4HF  + 4C10NO,  (3)* 

4C1F  + 2HOH  — ► 4HF  -f  2C1,  + O,  (4)‘-» 

low  temp 

4C1F  + 2HOH ► 4HF  + 2C1.0  (4«) 

24° 

10C1F  + 5H0H  — ► 10HF  + 2C10,  + 40,  + V.O,  (4b) 
excess  C1F,  + HOX 

2C1F,  + 2HONO.  — ► 2HF  + C10.F  + C1F  -f-  2NO.F  (5) 
2C1F,  + 2HOH  — ► 4HF  + C10.F  + OF  («)*•« 
C1F,  -j-  excess  HOX 

4C1F,  + 12HONO,  — *-  12HF  + 2C10,  + 2C10NO,  + 

5N,Oi  + V.O,  (7) 
4C1F,  + 6HOH  — ► 12HF  + 2C1,  + 30,  (8)‘-« 

(s2C10,  + ClOCl  + ‘/«0,1  (8a) 

excess  C1F,  + HOX 

C1F,  + 2HONO,  — ► 2HF  + C10.F  + 2NO.F  (9) 
C1F,  + 2HOH  — ► 4HF  -f  CIO.F  (10)‘ 

CIF,  + excess  HOX 

2C1F,  + 8HONO,  — ► 8HF  + 4N.O,  H-  2C10.F  (11) 

2CIO.F  + 2HONO,  — ► 2HF  + N.O.  + 2C1Q,  + V.O,  (lit) 
or 

2C1F,  + lOHONO,  — *■  10HF  + 4N.O,  + 2C10N0,  4-  20, 

(lib) 

2C1F.  + 5HOH  — ► 10HF  + 200,  + V.O,  (12) 
C10,F  + excess  HOX 

2C10.F  + 2HONO,  — ► 2HF  + 200,  4-  N.O,  + */,0,  (13) 
2CIO.F  + HOH  — ► 2HF  + 200,  4-  V.O,  (14)'-* 
C1,0  + excess  CIF 

20,0  + CIF  — ► OO.F  + 20,  (16) 

Several  reactions  require  some  specific  comments.  Ac- 
cording to  ref  1 and  2 eq  6 can  be  followed  by  additional 
more  or  less  slow  reactions  resulting  in  the  formation  of 
some  Cl,  and  O,  and  of  traces  of  C10,F.  Equation  8 
might  be  rewritten  by  substituting  the  observed 
amounts  of  Cl,  and  O,  by  the  appropriate  chlorine  ox- 
ides (eq  8a).  This  assumption  is  supported  by  the  fact 
that  in  the  C1F-H,0  system,  depending  upon  the  reac- 
tion conditions,  either  Cl,  and  O,  (eq  4)  or  CIO,,  Cl*, 
and  0,  (eq  4b)  or  C1,0  (eq  4a)  can  be  obtained  as  the 
principal  products.  The  reaction  products  observed 
for  the  reaction  of  CIF,  with  excess  HONO,  can  be 
rationalized  by  assuming  that  C10,F  is  formed  as  the 
primary  product  (eq  11)  which  reacts  only  slowly  with 
additional  HONO,,  according  to  (eq  11a),  thus  leaving 
an  appreciable  amount  of  C10,F  unconverted.  This 
assumption  was  confirmed  by  reaction  13,  which  showed 
that  this  reaction  is  indeed  slow.  In  addition,  a side 
reaction  generating  CIONO,  and  oxygen  occurs  (eq 
lib).  For  reaction  12,  substantial  amounts  of  C10#F 
and  C10,F  were  found  in  the  reaction  product.  The 
observation  of  some  ClOjF  is  not  surprising  since  it  has 
previously  been  shown*  that  the  hydrolysis  of  C!0*F 
is  quite  slow.  The  hydrolysis  of  some  of  the  C10,F 
produces  nascent  oxygen,  which,  in  turn,  can  rapidly 
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oxidize  C102F  to  C10,F.  Since  C10,F  is  resistant  to 
hydrolysis,8  it  will  build  up  as  a product. 

A general  comparison  between  the  reactions  of 
HONOj  and  those  of  HOH  shows  an  excellent  agree- 
ment. The  reaction  products  and  the  changes  in  the 
oxidation  states  of  Cl  are  analogous  for  each  equation 
pair.  The  only  exceptions  are  reactions  1 and  2.  The 
difference  is  due  to  the  fact  that  C10N0t,  under  the 
given  conditions,  does  not  interact  with  C1F,  whereas 
CliO  even  at  —78°  does,  yielding  ClOjF  and  Cl2  (eq 
15).  The  fact  that  the  products  differ  depending  upon 
which  reagent  is  used  in  excess  is  not  surprising.  If  an 
excess  of  the  fluorinating  agent  is  used,  C102F  is  always 
one  or  often  the  only  chlorine-containing  reaction  prod- 
uct independent  of  the  oxidation  state  of  the  chlorine 
fluoride  starting  material.  The  only  exception  is  again 
reaction  1 for  the  above-mentioned  reason,  i.c.,  inabil- 
ity of  C1F  to  fluorinate  C10N02  under  the  given  con- 
ditions. If  an  excess  of  the  hydroxyl  compound  is 
used,  the  main  reaction  products  are  chlorine  oxides 
(most  frequently  C102)  and  chlorine  nitrate.  In  the 
case  of  excess  HON0lp  any  N02F  present  will  form 
N206  and  HF.  In  the  case  of  C1F  the  formation  of 
several  intermediates  was  experimentally  confirmed 
suggesting  for  the  low-temperature  reaction  of  C1F  with 
HOH  the  sequence 

C1F  + HOH  — ► HF  + HOC1  (16) 

HOC1  -(-  C1F  — ► HF  + C10C1  (17) 

In  the  presence  of  an  excess  of  C1F,  fluorination  of 
C120  can  occur  according  to  eq  15.  This  reaction  was 
shown  to  be  quantitative  at  temperatures  as  low  as 
— 78°.  In  the  presence  of  an  excess  of  water  at  —78°, 
C120  is  the  principal  product.  In  addition  to  C120  for- 
mation, reaction  4b  also  occurs  at  —78°  and  becomes 
at  25°  the  dominant  reaction.  Under  the  reaction 
conditions  of  ref  1 and  2,  C102  can  decompose  further 
to  Cl2  and  02  (eq  4).  The  fact  that  pure  Cl-0  does  not 
readily  disproportionate  at  temperatures  between  —78 
and  25°  to  C102  and  Cl2  suggests  the  participation  of 
less  stable  intermediates  such  as  possibly  HOC1  or  CIO 
radicals  in  the  C102  formation  step. 

In  the  case  of  C1F,  and  C1F5  the  first  reaction  should 
be  again  the  elimination  of  HF.  This  reaction  is  ex- 
tremely fast  and  exothermic  and  often  proceeds  ex- 
plosively, even  at  low  temperature 

C1F.  + HOX  — ► C1F„-,0X  + HF  (18) 

The  next  steps  could  involve  either  the  reaction  of 
ClF„_sOX  with  additional  HOX 

C1F„_,0X  + HOX  — ► ClF«_i(OX>,  + HF  (19) 
or  an  intramolecular  fluorination,  i.e.,  XF  elimination 
C1F„_,0X  — ► C1F„_,0  4-  XF  (20) 

(8)  A.  Sngelbrecht  and  H.  Atxwanger.  J.  Inorg.  Ntul.  Ck4M.,  %,  348 
(1058). 


Reaction  19  should  also  be  followed  by  steps  such  as 
(20)  or  by  X20  elimination  if  there  are  no  or  only  rela- 
tively unreactive  fluorine  atoms  left  in  the  molecule 

ClF,_t(OX)i  — ► C1F».,0  + X,0  (21) 

Thus,  by  either  sequence,  one  might  expect  to  obtain 
FCIO  as  a intermediate  in  the  reactions  of  ClFj.  How- 
ever, the  following  facts  indicate  that  this  intermediate 
would  be  quite  unstable.  The  photochemical  syn- 
thesis* and  reaction  chemistry10  of  C1F»0  are  best  inter- 
preted in  terms  of  an  unstable  FCIO  intermediate.  In 
addition,  an  attempt  was  made  to  prepare  and  isolate 
FCIO,  according  to 

HF  toln 

ClF,+AsF,-  + HOH ► ClO+AsF,-  + 2HF  (22) 

C10+AsF,-  + FNO  — ► NO+AsF,-  + FCIO  (23) 

However,  instead  of  ClO+AsF,-,  only  C102+AsF,~  and 
unreacted  CiF2+AsF«_  were  found  for  (22). 

Similarly,  one  might  have  expected  to  observe  ClFjO, 
which  is  known  to  be  stable,111*  as  an  intermediate  in 
the  reactions  of  HOX  with  an  excess  of  C1F6.  The  fact 
that  it  was  not  observed  either  suggests  an  alternate 
sequence  such  as 

C1F,  + 2HOX  — ► C1F,(0X)»  + 2HF  (24) 

CIF.(OX),  — ► ClOiF  + 2XF  (26) 

or  indicates  that  ClFjO  is  much  more  reactive  toward 
HOX  than  is  C1F,. 

In  many  of  these  systems,  the  final  products  show 
that  the  Cl-containing  starting  material  has  dispropor- 
tionated  in  the  course  of  the  reaction.  Suitable  inter- 
mediates which  could  readily  disproportionate  might 
be  CIO,  HOC1,  HOCIO,  and  FCIO. 

In  summary,  it  appears  that  the  reactions  of  chlorine 
fluorides  with  a inonofunctional  (HONO0  and  a bi- 
functional (HOH)  hydroxyl  compound  can  be  rational- 
ized on  a common  basis.  The  observed  reaction  pat- 
terns should  be  very  useful  for  predicting  the  products 
of  the  reactions  of  chlorine  fluorides  with  other  hydroxyl 
compounds.  The  partial  hydrolysis  of  chlorine  fluo- 
rides does  not  offer  a synthetic  route  toward  chlorine 
oxyfluorides,  except  for  C102F. 
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Iodine  Tris(perchlorate)  and  Cesium  Tetrakls(perchlorato)iodate(UI) 
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The  syntheses  and  tome  properties  of  the  novel  iodine  perchlorates  I(OC10,)»  and  Cs+I(0C10,h~  are  reported.  Their 
vibrational  spectra  were  recorded  and  confirm  their  formulation  as  covalent  perchlorates.  A square-planar  configuration 
is  proposed  for  the  I(OC10iA~  anion , whereas  I(0C10i)i  appears  to  be  polymeric. 

reveals  that  the  original  paper  deals  only  with  a com- 
pound having  the  empirical  composition  I(C10«)s-2Hs0. 
Nutr.c-rouf  attempts  have  been  reported  to  prepare 
iodine  perchlorates  in  organic  solvents  from  It  and 
AgClOr.  Whereas  the  experimental  data  were  con- 
sistent with  the  formation  of  iodine  perchlorates  as 
unstable  intermediates,  all  attempts  to  isolate  and 
characterize  these  compounds  were  unsuccessful,  owing 


Introduction 

The  preparation  of  iodine  tris(perchlorate)  from 
iodine,  ozone,  and  anhydrous  HC10<  is  described  in 
ref  1.  However,  a cross-check  with  the  original 
publication,1  from  which  the  preparation  was  abstracted, 

(I)  M.  Sch—iwtr  ia  "Haadboofc  of  Prtparallvt  laorsaaic  ChtatlMry," 
Vui.  I,  O.  Itrauar.  Rd.,  Aaadaadc  Pna,  N«a  York,  N.  V.,  1(1*3,  p S30. 

(3)  F.  Flckt.r  and  H.  Kapptltr.  7..  A more.  AU/.  Cktm..  *1,  134  (IBIS). 
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to  their  incompatibility  with  the  solvent.  In  this 
paper,  we  report  the  successful  preparation  and  iso- 
lation of  I(OC10»)»  and  Cs+I(0C10j)4-. 

Experimental  Section 

and  Apparatus. — Volatile  materials  used  in  this 
work  were  manipulated  in  a well-passivated  (with  C1F|)  stainless 
steel  vacuum  line  equipped  with  Teflon  FEP  U traps  and  316 
stainless  steel  bellows-seal  valves  (Hoke,  Inc.,  426  1F4Y).  Pres- 
sures were  measured  with  a Heisc  Bourdon  tube-type  gauge 
(0-1600  mm  ± 0.1%).  Iodine  (reagent  grade,  Mallinckrodt) 
was  resublimed  before  use.  Anhydrous  Csl  (ROC/RIC,  99.9% 
minimum  purity ) was  used  without  further  purification . Chlorine 
perchlorate  and  CsIBrt  were  prepared  and  purified  by  the 
methods  of  Schack  and  Pilipovich*  and  Cremer  and  Duncan,1 
respectively.  The  purity  of  the  volatile  starting  materials  was 
determined  by  measurements  of  their  vapor  pressures  and  in- 
frared spectre  Solid  products  were  handled  in  the  dry  nitrogen 
atmosphere  of  a glove  box. 

The  infrared  spectra  were  recorded  on  a Perkin-Elmer  Model 
467  spectrophotometer  in  the  range  4000-250  cm-1.  The  spectra 
of  gases  were  obtained  using  304  stainless  steel  cells  of  5-cm  path 
length  fitted  with  AgCl  windows.  Screw-cap  metal  cells  with 
AgCl,  AgBr,  or  BaFt  windows  and  Teflon  FEP  gaskets  were  used 
for  obtaining  the  spectra  of  solids  as  dry  powders  at  ambient 
temperature.  The  quality  of  the  infrared  spectra  could  be  some- 
what improved  by  pressing  two  small  single-crystal  platelets  of 
either  AgCl  or  AgBr  to  a disk  in  a pellet  press.  The  powdered 
sample  was  placed  between  the  platelets  before  starting  the  press- 
ing operation. 

The  Raman  spectra  were  recorded  using  a Coherent  Radiation 
Laboratories  Model  62  Ar  laser  as  a source  of  1.3  W of  exciting 
light  at  5146  A.  The  scattered  light  was  analyzed  with  a Spex 
Model  1400  double  monochromator,  a photomultiplier  cooled  to 
~ — 26°,  and  a dc  ammeter.  Class  melting  point  or  Kel-F 
capillaries  were  used  as  sample  containers  in  the  transverse 
viewing-transverse  excitation  technique.  The  low-temperature 
spectra  were  recorded  by  the  method  of  Miller  and  Harney.* 

Preparation  of  I(OC!Oj)|. — Iodine  (0.916  mmol)  was  loaded 
into  a 10-ml  prepassivated  Teflon  FEP  ampoule  closed  off  by  a 
Hoke  316  stainless  steel  valve  (425  1F4V).  Chlorine  perchlorate 
(8.18  mmol)  was  added  at  — 19G°.  The  ampoule  was  kept  at 
—60°  for  70  hr.  At  this  point,  the  dark  iodine  color  had  dis- 
appeared and  a pale  yellow  (due  to  the  presence  of  Cl»)  solid  had 
formed.  Upon  cooling  to  —196°,  the  ampoule  did  not  contain 
any  noncondensable  reaction  products.  The  ampoule  was 
slowly  warmed  to  —46°.  The  volatile  products  were  separated 
by  fractional  condensation  and  identified  by  infrared  spectroscopy 
and  their  vapor  pressure.  They  consisted  of  Cl»  (2.70  mmol) 
and  C10C10>  (2.74  mmol).  The  white,  solid  residue  weighed  776 
mg,  in  excellent  agreement  with  the  weight  (777  mg)  calculated 
for  a complete  conversion  to  I(OCIOa)i. 

A sample  of  I(0C10j)»  (776  mg,  1.82  mmol)  was  allowed  to 
warm  up  from  —45  to  23°.  Close  to  23°,  it  formed  a brownish 
paste.  Recooling  of  the  sample  to  — 196°  showed  no  noncon- 
densables. The  sample  was  wormed  up  again  to  23®  and  kept  at 
this  temperature  for  12  hr  while  the  volatile  products  were 
pumped  off  and  separated  by  fractional  condensation.  The 
volatile  materia!  consisted  of  CljOi  (1.9  mmol)  and  smaller 
amounts  of  CltO«  and  lower  chlorine  oxides.  The  pole  yellow, 
nonvolatile  residue  had  the  following  composition:  CiOt-, 
21.7%;  total  iodine,  61.0%:  iodometric  titration  assuming  an 
oxidation  state  of  +5,  I — 62.0%.  The  infrared  spectrum  of 
the  solid  showed  the  presence  of  the  CIO*-  anion.  Additional 
CljOj  could  be  removed  from  the  solid  by  heating  it  for  several 
hours  to  60°  ttt  vacuo.  The  infrared  spectrum  still  showed  the 
presence  of  C10«~.  The  weight  of  the  solid  had  decreased  to  366 
mg. 

Attempted  Preparation  of  IOCtO». — Iodine  (1.25  mmol)  and 
ClOClOa  (2.60  mmol)  were  allowed  to  react  as  described  for 
I(OC10>)«.  The  iodine  color  had  completely  disappeared;  how- 
ever, no  products  volatile  at  —45*  had  formed.  The  nonvolatile 
residue  was  a white-aolid  showing  orange  and  gray-green  spots. 
Upou  slight  warm-up,  the  sample  turned  black  and  decomposed. 

Preparation  of  Ca+I(0ClOjh_. — A 10-ml  prepasaivated  staln- 


(S)  C.  J.  Schack  mad  D.  Pilipovich,  'wr  Cktm.,  t,  1387  (1870). 

(4)  H.  W.  Crcmtr  and  D.  V.  Daaeaa.  J.  ClUm.  Soc.,  1M0  (1831). 

(5)  F.  A.  Miller  and  B.  M.  Harney,  private  comam election. 


less  steel  cylinder  was  loaded  with  powdered  Csl  (1.15  mmol), 
followed  by  ClOClOj  (0.10  msnol)  at  —196*.  The  reaction  was 
allowed  to  proceed  by  warming  the  cylinder  to  —45°,  where  it 
was  maintained  for  5 weeks.  On  recooling  to  -196°,  no  non- 
condensable gases  were  observed . Volatile  products  were  pumped 
from  the  reactor  foi  several  hours  while  and  after  it  had  warmed 
to  ambient  temperature.  Separation  of  these  species  was  ef- 
fected by  fractional  condensation  and  identification  by  infrared 
and  vapor  pressure  measurements.  They  consisted  of  Cli 
(2.34  mmol)  and  unreacted  ClOClOi  (1.45  mmol).  The  solid 
product  was  pale  yellow  and  weighed  749  mg,  indicating  a 99% 
conversion  of  the  Csl  to  Cs+I(OCiO»)4“  had  occurred. 

Attempted  Preparation  of  C*+I(0ClOi)t-. — Chlorine  per- 
chlorate (6.27  mmol)  was  allowed  to  react  with  CsIBrt  (2.76 
mmol)  at  —46°.  No  unreacted  ClOClOj  was  recovered  and  the 
volatile  products  consisted  of  Cli,  Bn,  and  BrCl  only.  The  solid 
reaction  product  was  inhomogeneous.  The  infrared  spectra  of 
the  upper  layers  showed  the  presence  of  perchlorato  groups, 
whereas  for  the  lower  layers  these  were  absent. 

Elemental  Analysis. — Weighed  samples  were  hydrolyzed  in 
water.  The  amounts  of  total  iodine  and  perchlorate  were  de- 
termined by  X-ray  fiuoresecence  spectroscopy  and  by  a specific 
ion  electrode  (Orion  Model  92-17),  respectively.  The  oxidation 
state  of  iodine  was  found  by  iodometric  titration. 

Results  and  Discussion 

Caution!  Chlorine  perchlorate  is  shock  sensitive* 
and  samples  of  both  I(OC10*)»  and  Cs+I  (0C10»)4~ 
have  exploded  even  at  low  temperature  while  recording 
their  laser  Raman  spectra.  Proper  safety  precautions 
must  be  taken  when  working  with  these  compounds. 

Syntheses  and  Properties. — The  novel  compound 
iodine  tris(perchlorate)  was  prepared  by  the  low- 
temperature  reaction  of  iodine  with  an  excess  of  CIO- 
ClOj.  Its  composition  was  established  by  quantitative 
synthesis:  Ij  + 6CIOCIO1  -*•  2I(OC10s)j  + 3C1»,  with 
the  material  balance  for  all  components  being  99+%. 
The  compound  is  a white  solid,  stable  at  —45°.  During 
its  synthesis,  no  explosions  were  encountered;  how- 
ever, when  exposed  to  a laser  beam,  explosive  decom- 
position occurred  even  at  low  temperatures.  It 
decomposes  upon  wanning  to  ambient  temperature. 
Depending  upon  the  warm-up  conditions  (t.e.,  warm-up 
rate  and  pressure)  differences  in  the  decomposition 
behavior  were  observed.  Thus,  the  melting  to  a 
brownish  paste  was  not  observed  in  all  cases,  and  in 
some  instances,  the  appearance  of  orange  and  brown 
colors  was  observed,  which  might  be  ascribed  to  the 
formation  of  ClOj  and  lower  chlorine  oxides,  respec- 
tively. The  following  observations  were  made  for  the 
decomposition  process:  (1)  the  volatile  decomposition 
products  consisted  mainly  of  ClxOr  but  also  contained 
smaller  amounts  of  C1»0«  and  lower  chlorine  oxides; 
(2)  the  solid  residue  contained  only  iodine  in  the 
+5  oxidation  state  and  its  infrared  spectrum  showed 
the  presence  of  the  CIO,-  anion;*  (3)  upon  pyrolysis 
or  longer  exposure  to  the  laser  beam,  the  Raman 
spectrum  of  the  solid  is  identical  with  that  previously 
reported1  for  l»Os  (see  Figure  1,  trace  B);  (4)  the 
elemental  analysis  and  material  balance  of  the  solid 
are  in  fair  agreement  with  those  calculated  for  a mixture 
of  62.4  mol  % IOtGO<  and  37.6  mol  % ItOt  Upon 
extended  pyrolysis,  the  percentage  of  I*04  increases. 
These  observations  are  best  interpreted  in  terms  of  an 
initial  Q*Or  elimination,  1(0C10«)«  -*■  [OlOClOj)  + 
CltOr,  followed  by  an  internal  redox  reaction  yielding 

(«)  J.  W.  Ncbcen,  A.  D.  McEIroj,  sad  H.  F.  Klodowaki,  luort.  Cktm.,  4, 
1784  (IM&). 

(7)  P.  M.  A.  Shantou!  aad  J.  J.  Turatr,  Sftttwkim 1.  Ada.  ftH  A,  88, 
1875  (1870). 
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4-5  iodine,  lower  chlorine  oxides,  IO1CIO4,  and  1*0*. 
It  is  not  surprising  that  mainly  CljOj  and  some  chlorine 
oxides  of  low  oxidation  state  were  observed  and  not 
CljOi  as  might  be  expected  according  to  1(000*)*  -*■ 
10*00*  + CljO*.  It  is  well  known  that  the  perchlorate 
ion  does  not  oxidize  Csl  whereas  CIO*-  or  CIO*-  does. 
Hence,  CUO7  might  also  be  a less  effective  oxidizing 
agent  than  CI1O4  or  the  lower  chlorine  oxides. 

Attempts  to  prepare  iodine  monoperchlorate  from 
stoichiometric  amounts  of  iodine  and  CIOCIO*  failed. 
Apparently,  CIOCIO*  oxidizes  iodine  rapidly  to  oxida- 
tion states  higher  than  +1.  The  resulting  mixed 
iodine  chloride  perchlorate  with  a formal  oxidation 
state  of  4-2  would  be  expected  to  be  highly  unstable 
and  susceptible  to  disproportionation  and  decomposi- 
tion. 

The  salt  Cs+I(OQO»)*-  was  prepared  according  to 
Cs+I-  4-  4C10C10,  — Cs+I(0C10*)4-  4*  2C1*.  Its 
composition  was  again  ascertained  by  quantitative 
synthesis.  It  is  a pale  yellow  solid  and  is  stable  at 
ambient  temperature.  Its  decomposition  has  been 
studied  less  extensively  than  that  of  1(000*)*.  How- 
ever, the  Raman  spectra  (Figure  1,  trace  A,  and  Figure 
2,  traces  B and  C)  demonstrate  the  formation  of  a 
comma  intermediate  decomposition  product  which  is 
not  Ia0*  and  does  not  contain  the  OO*-  anion.  The 
formation  of  this  intermediate  might  be  favored  by  the 
laser  light. 

Attempts  to  prepare  Cs+I(0C10*)*-  according  to 
Cs+IBr,-  4-  2C1CC10,  -*■  Cs+I (OCIO*)*-  4-  2BrCl  were 
unsuccessful.  Part  of  the  product  was  converted  to 
4-h  iodine  salts  while  some  of  the  Cs+IBr*~  starting 
material  was  recovered  unchanged. 

Considering  the  low  thermal  stability  and  high 
reactivity  of  I(0C10*)»,  it  is  not  surprising  that  previous 
attempts*-11  had  failed  to  prepare  and  isolate  these 
compounds  from  organic  solvents.  From  the  prop- 
erties of  I(0C10«)*,  it  also  appears  unlikely  that  the 
product  obtained*  by  Fichter  and  Kappeler  was  indeed 
a dihydrate  of  I(0C10*)».  Other  possible  structures 
such  as  10*00* -2HOOO*  might  be  written  for  their 
product  which  approach  the  reported*  composition. 

Vibrational  Spectra. — Figures  1 and  2 show  the 
Raman  spectra  of  I (OCIO*)*  and  Cs+I(000*)*-, 
respectively.  The  spectra  of  both  compounds  had  to  be 
recorded  at  low  temperature  to  avoid  (explosive) 
decomposition  in  the  laser  beam.  For  Cs+I(0C10j)<~, 
which  is  the  more  stable  of  the  two  compounds,  a 
spectrum  was  obtained  which  was  essentially  free  of 
decomposition  product  bands  (trace  A,  Figure  2). 
Traces  B and  C show  the  same  sample  at  various 
stages  of  decomposition  and  allow  the  identification  of 
the  bands  belonging  to  the  decomposition  products. 
It  was  not  possible  to  obtain  a spectrum  of  1(000*)* 
free  of  decomposition  products.  However,  the  de- 
composition product  was  identical  with  that  observed 
for  Cs+I(OC10»)4-  (trace  C,  Figure  2).  Therefore, 
the  bands  due  to  1(000*)*  itself  can  be  readily  iden- 
tified. The  spectrum  of  the  product  obtained  by 
vacuum  pyrolysis  of  I (OCIO*)*  at  80°  is  shown  as 
trace  B in  Figure  1.  It  is  distinct  from  that  in  the 
low-temperature  decomposition  and  is  identical  with 

(9)  M.  (Vumbtr*.  J.  Am*.  Ckem.  Sac.,  «,  SW*  (IMS). 

(9)  L.  Birckeaback  u4  J.  Goubaau.  B*„  «*.  395  (19*3). 

(10)  R.  N.  Kuwldlu  tad  A.  G.  Skarpt,  J.  Cktm.  Sac.,  90S  (1983). 

(11)  N.  W.  Alcack  aad  T.  C.  Waddlaftoa,  3510  (1943), 


* igure  1—  Eaman  spectra  of  1(000*)*,  recorded  at  -60* 
(trace  A),  and  of  its  decomposition  product  (trace  B)  obtained  by 
vacuum  pyrolysis  at  00° . D indicates  spectral  slit  width. 
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Figure  2. — Raman  spectra  of  Cs+I(OC10*)*-,  recorded  at  —70* 
(trace  A),  and  of  its  decomposition  products  (traces  B and  C). 
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Figure  3. — Infrared  spectra  of  Cs+I(OCIQ*)*-  (trace  A)  and  of  the 
I (OCIO,),  decomposition  product  (trace  B)  at  AgBr  disks. 
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Table  I 

Vibrational  Spectrum  or  Cs+I(0C10,),-  Compared  to  Those  of  CIOCIOi  and  BrOCIO, 


-Obftd  freq,  cm  *'II  *od  intact 


Ir 

-CIOCIO,0 

PimtD 

BrOClO*® 

Ir 

C«' 

Ir 

-I(OC10i)«- 

Raman 

1283  vs 

1280  mw 

1276  vs 

1230  vs 

1243  w,  sh 
1207  mw 

1040  s 

1036  vs 

1030  s 

1015  vs 

1038  s 1 
1016  vwj 

048  vs 

043  ms 

648  s 

630  vs 

630  s 

680  sh 

682  mi 

570-650  vs 

607  mwl 

661  m 

561  wj 

570  ms 

/ 

611  mw 

516  s 

509  in 

485  s 

489  s \ 

430  vw 

430  mwj 
261  vs 
240  s 

131  msi 
106  ms/ 

• Reference  13. 


Approx  description  of  mode 

Antisym  ClOi  str 

Sym  CIO,  str 
O-Cl  str 

CIO,  scissor,  iu  CIO, 

i umbrella  CIO, 

¥ sym  in-phase  IO« 

¥ sym  out-of-phase  IO, 

IOC1  def 


that  reported7  for  hOt.  Figure  3 shows  the  infrared 
spectrum  of  Cs+I(GC10,),-  and  that  of  the  I(OC10,), 
decomposition  product.  The  latter  shows  strong 
absorptions  characteristic  for  the  CIO,-  ion.1  Since 
covalent  perchlorates  generally  attack  silver  halide 
windows  with  CIO,-  formation,  the  spectrum  was  also 
recorded  using  BaF,  windows.  It  was  identical  with 
that  shown  in  Figure  3. 

The  spectrum  of  Cs+I(0C10,),-  will  be  discussed 
first  due  to  its  simplicity.  Comparison  with  the  known 
spectrum  of  other  covalent  hJogen  perchlorates*,lt,u 
reveals  that  the  compound  contains  exclusively  co- 
valent, monodentate  perchlorato  groups.  A listing 
of  the  observed  frequencies  together  with  a tentative 
assignment  is  given  in  Table  I.  The  slight  frequency 
decrease  of  some  of  the  perchlorato  bands  on  going 
from  halogen  mono(perchlorates)  to  the  tetrakis(per- 
chlorato) iodate (III)  anion  may  be  explained  by  the 
formal  negative  charge  in  the  latter.  A similar 
decrease  has  also  been  observed  for  the  corresponding 
halogen  fluorosulf ates. 1 4 “ 1#  The  vibrational  spectrum 
of  1(000,),“  is  analogous  to  that11’  of  I(OSO,F)<-  and 
suggests  a similar  structure  for  both  anions.  In 
agreement  with  Carter,  Jones,  and  Aubke, 11  we  suggest 
a square-planar  configuration  for  the  10,  skeleton  by 
analogy  with  that  found  for  the  corresponding  tetra- 
fiuorohalogenate(III)  anions,  C1F,-  and  BrF,-.171* 
For  the  10,  skeletal  stretching  modes,  we  propose  an 
assignment  different  from  that  made  previously1*  for 

(19)  C.  J.  Schack,  K.  O.  Chrlit*.  D.  PDlpovleh,  »od  R.  1>.  Wilion,  Inort. 
Cktm..  1«,  1078  (1871). 

(13)  K.  O.  Chriule,  C.  J.  Schack,  and  E.  C.  Curtin,  ibid.,  It,  1380  (1871). 

(14)  K O.  Christe,  C.  J.  Schack,  and  E.  C.  Cur, la.  Speclrocbim.  Asia, 
Part  A.  98,  8387  (1870). 

(16)  H.  A.  Carter,  S.  P.  L Joses.  and  F.  Aubke.  Inort.  Cktm  , 9,  2486 
(1870). 

(18)  A.  M.  Qureihl,  L.  K.  I-evchuk.  and  F.  Aubke,  Can.  J.  Ckeia.,  48,  2644 
(1871). 

(17)  K.  O.  Christa  and  W.  Sawodny.  Z.  Anar/.  Allt.  Cktm.,  8T4,  308 
(1870). 

(18)  K O.  Chriata  and  C.  J.  Schack,  lnort.  Cktm.,  9,  1862  (1870). 


I(0S0,F),-.  The  two  symmetric  IO,  stretching  modes 
should  both  be  of  very  high  intensity  in  the  Raman 
spectrum  and  be  separated  by  less  than  100  cm-1.171* 
Furthermore,  they  should  be  observed  for  both  ions, 
I(0CI0,),-  and  I(GSOjF),-.  Therefore,  the  assign- 
ment of  the  bands  at  261  and  240  cm-1  to  the  sym- 
metric in-phase  and  symmetric  out-of-phase  IO, 
stretching  modes,  respectively,  appears  more  plausible 
than  that  previously  suggested.1*  On  the  basis  of  the 
available  data,  it  cannot  be  decided  whether  or  not  the 
chlorine  atoms  are  coplanar  with  the  10,  group. 

For  I(OClOj),,  the  Raman  spectrum  (Figure  1, 
trace  A)  is  rather  complex  in  the  1 100-1300-cm-1 
region.  By  analogy  with  the  halogen  trifluorides  and 
halogen  tris(fluorosulfates),1*  these  features  might  be 
explained  in  terms  of  two  nonequivalent  types  of 
perchlorato  groups.  The  substantial  shift  to  lower 
frequencies  of  two  of  these  bands  (1203  and  1126  cm  '*) 
indicates  strong  bridging  as  expected  for  a polymeric 
structure.  The  bands  occurring  in  the  following 
regions  are  tentatively  assigned  to  the  following  type 
of  vibrations:  1100-1300  cm-1,  antisymmetric  CIO, 
stretch;  920-1040  cm-1,  symmetric  CIO,  stretch; 
600-690  cm-1,  scissoring  deformation  of  CIO,;  440-500 
cm-1,  umbrella  deformation  of  CIO,  and  IO  stretch; 
270-300  cm'1,  IO,  stretching  modes;  100-200  cm-1, 
I-O  -Cl  bending  modes.  Again,  the  bands  assigned 
to  the  IO,  stretching  modes  have  almost  identical 
counterparts  in  the  I(OSO,F)»  spectrum,1*  indicating 
the  close  structural  relationship  between  these  halogen 
perchlorates  and  the  corresponding  fluorosulfates. 
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The  syntheses  and  properties  of  novel  1:3  adducts  between  alkali  metal  fluorides  and  IF;  are  described.  Infrared  and 
Raman  spectra  are  reported  for  CsF'3IFi,  CsIF»,  RbIFi,  KIF,,  and  a mixture  of  RblF*  with  RbF-3IF;.  The  previously 
reported  discrepancies  in  the  vibrational  spectra  of  IF«'  salts  can  be  rationalized  by  assuming  mixtures  of  1 : 1 and  1 :3  ad- 
ducts. Powder  diffraction  X-ray  data  are  given  for  KIFi,  RbIFi,  and  CsIFt.  Partial  pyrolysis,  vibrational  spectroscopy, 
and  differential  thermal  analyses  show  no  evidence  for  the  existence  of  distinct  1 :2  adducts  as  intermediate  products  from 
the  decomposition  of  the  1 :3  adducts.  The  previous  conclusions  are  confirmed  that  IF#-  is  not  octahedral  and  does  not 
have  a symmetry  higher  than  Cj..  The  FNO-IFj  and  FNO-BrFi  systems  were  briefly  studied.  Whereas  BrFj  does  not 
form  an  FNO  adduct,  IF;  combines  with  FNO  to  form  a white,  crystalline  1 : 1 adduct  having  a dissociation  pressure  of  about 
30  mm  at  21*. 


Introduction 

The  vibrational  spectra  of  the  alkali  metal  fluoride- 
iodine  pentafluoride  adducts  were  previously  studied  by 
at  lerst  four  different  research  groups. 1 All  four  groups 
reached  the  same  conclusion  that  the  IF»~  anion  is  not 
octahedral.  This  conclusion  was  also  supported  by  the 
results  of  a recent  Mossbauer  study.*  However,  the 
vibrational  spectra  reported  by  the  four  groups  for  IF«- 

(1)  X.  O.  CkrlUa.  1.  ?.  Qutrtia,  ud  W.  Sawoduy,  Inert.  Cktm.,  ?,  436 
(1966). 

(2)  S.  P.  BMtoa,  D.  W.  A.  Sharp,  A.  J.  P.rkiat,  I.  Shaft,  H.  H.  Hyman, 
awl  X.  O.  Chriatt,  HU.,  T,  2174  (1868). 

(2)  H.  XUntm.  N.  Maiaart,  P.  Raich,  and  X.  With..  Z.  Cktm..  I,  383 
(1846). 

(4)  H.  K latum,  H.  Ueimtrt,  P.  Reich,  and  K.  With*.  HU.,  2,  468  (1868). 

(6)  S.  Buhahpac,  J.  Seriaao,  and  }.  Shamir,  Cktm.  Pkyi.  Lrlt.,  4,  241 

0968). 


differed  strongly  and  no  plausible  explanation  could  be 
offered  for  these  discrepancies.  Recently,  Klamm  and 
Meinert  reported*  the  formation  of  IF«C1  by  treating 
CsCl  with  IF».  Their  failure  to  isolate  and  character- 
ize this  novel,  yellow,  volatile  compound  was  attributed* 
to  rapid  reaction  with  the  glass  container.  Our  at- 
tempts to  duplicate  Klamm  and  Meinert’s  observa- 
tions* in  an  inert  metal-Teflon  reaction  system  were 
unsuccessful.  The  most  volatile  yellow  reaction  prod- 
uct was,  as  expected,  Clj.  However,  from  the  material 
balance,  it  became  obvious  that  the  solid  residue  was 
not  the  expected  Cs+IFe~  but  the  novel  CsF-3IF»  ad- 
duct. Furthermore,  the  vibrational  spectra  of  CsF  • 
3IF5  showed  bands  previously  attributed1’  to 

(6)  H.  Klamu  sod  H.  MaUert,  Z.  Cktm..  16,  270  (1970). 
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CsIF«,  indicating  that  most  of  the  discrepancies  in  the 
previously  reported  data  may  have  been  due  to  varying 
mixtures  of  Cs+IF«~  and  CsF-3IFs.  Consequently,  a 
systematic  study  cf  the  alkali  metal  fluoride-iodine 
pentafluoride  system  was  carried  out,  the  results  of 
which  are  reported  in  this  paper.  The  existence  of  the 
CsF-31Fs  adduct  has  also  been  discovered  in  an  inde- 
pendent study  by  Hyde7  but  has  not  been  published. 

Experimental  Section 

Materials  and  Apparatus. — -The  materials  used  in  tiiis  work 
were  manipulated  in  a well-passivated  (with  ClI-'j)  304  stainless 
steel  vacuum  line  equipped  with  Teflon  lfEP  U teaps  and  316 
stainless  steel  beilows-seal  valves  (Hoke  Inc.,  425  llr4Y).  Pres- 
sures were  measured  with  a Heise  Bourdon  tube-type  gauge  (0- 
1600  mm  ± 0.1%).  Nitrosyl  fluoride  vas  prepared  from  NO 
and  Hi  at  —196°.  Iodine  pentafluoride  (Allied  Chemical)  and 
BrFi  (Matheson)  were  treated  wiih  Hi  until  colorless.  All  ma- 
terials were  purified  prior  to  use  by  fractional  condensation, 
"'he  alkali  metal  fluorides  were  fused  in  a platinum  crucible  and 
powdered  in  a ilrybox  prior  to  use.  Because  of  their  hygro- 
scopicity,  materials  were  handled  outside  of  the  vacuum  system 
in  the  dry  nitrogen  atmosphere  of  a glove  box. 

The  infrared  spectra  were  recorded  on  Perkin- Elmer  Models 
337  and  457  spectrophotometers  in  the  range  4000-250  cm'1. 
The  spectra  of  gases  were  obtained  using  304  stainless  steel  cells 
of  S-em  path  length  fitted  with  AgCl  windows.  Screw-cap 
me'al  cells  with  AgCl  or  AgBr  windows  and  Teflon  HEP  gaskets 
were  used  for  obtaining  the  spectra  of  solids  as  dry  powders  at 
ambient  temperature.  The  quality  of  the  infrared  spectra 
could  be  somewhat  improved  by  pressing  two  small  single- 
crystal platelets  of  either  AgCl  or  AgBr  to  a disk  in  a pellet 
press.  The  powdered  sample  was  placed  between  the  platelets 
before  starting  the  pressing  operation. 

The  Raman  spectra  were  recorded  using  a Coherent  Radiation 
Laboratories  Mooel  52  Ar  laser  as  a source  of  1 .3  W of  exciting 
light  at  6145  A.  The  scattered  light  was  analyzed  with  a 
Spex  Model  14t)0  double  monochromator,  a photomultiplier 

cooled  to 25°,  and  a dc  ammeter.  Pyrex-glass  tubes  (7- 

mm  o.d.)  with  hollow  inside  glass  cones  for  variable  sample 
thicknesses  or  Pyrex  or  clear  Kel-H  capillaries  were  used  as 
sample  containers.  Hor  the  capillaries,  the  transverse  viewing- 
transverse  excitation  technique  and  for  the  conical  tubes,  the 
axial  viewing-transverse  excitation  technique  were  used . 

X-Ray  powder  diffraction  patterns  were  taken  using  a Phil- 
lips Norelco  instrument,  Type  No.  12046,  with  copper  Ka  radia- 
tion and  a nickel  filter.  Samples  were  sealed  in  quartz  capil- 
laries (~0.5-mm  o.d.).  The  densities  were  measured  by  the 
displacement  method  using  a perfluoriuated  amine  (HC  43,  3M 
Co.)  to  fill  the  pycnometer. 

A Perkin-Elmer  differential  scanning  calorimeter,  Model 
DSC-1B,  was  used  to  obtain  the  dta  data.  The  samples  weic 
sealed  in  aluminum  pans,  and  heating  rates  of  10°/'min  in  Na 
were  used. 

Preparation  of  the  Adducts. — -Dry  CsF  (19.02  mmol)  was 
placed  into  a 30-ml  prepassivated  316  stainless  steel  cylinder  and 
purified  IF*  (80.08  mmol)  was  added  at  —196°.  The  cylinder 
was  placed  on  a shaker  at  60”  for  2 days.  Uureacted  I Ft  was 
removed  at  25°  by  pumping  for  3 hr.  The  cylinder  contained 
15.370  g of  a stable,  white,  crystalline  solid  (weight  calculated 
for  CsF- 3IIT  15.551  g).  Therefore,  CsF  (19-02  mmol)  had 
reacted  with  1F«  (66.24  mmol)  in  a mole  ratio  of  1:2.96  pro- 
ducing the  adduct  CsF  -3IF». 

Finely  powdered  CsF-3IF«  (10.81  mmol)  when  heated  in 
vacuo  to  90°  for  12  hr  lost  I FT  (21.63  mmol)  forming  the  salt 
CsTF,-. 

Similarly,  RbF  (21.06  mmol)  was  combined  with  1FS  (161.34 
mmol)  in  a 150-ml  prepassivated  Monel  cylinder  and  shaken  at 
60°  for  144  hr.  Unreacted  IFj  (114.69  mmol)  was  removed  at 
20°  by  pumping  for  5 hr.  Therefore,  RbF  (21.06  mmol)  had 
reacted  with  llT  (46.75  mmole)  in  n mole  ratio  of  1.2.22  cor- 
responding to  n 73.98%  converse  n of  RbF’  to  RbF'  - 31  IT. 
More  IF,  (11.47  mmol)  was  slowly  removed  by  an  additional  15 
hr  of  pumping  at  25°.  At  this  point  the  RbF: IF',  ratio  cor- 
responded to  1:1.73. 

Finely  powdered  RbF- 1.73  II-T  (5.775  g)  when  heated  in 

(7)  Hydr,  G.  A.  Olin  Corp..  private  comoquoiration. 
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vacuo  to  95°  for  14  hr  lost  IF".-,  (2.630  g,  11.85  mmol).  A white, 
crystalline,  stable  solid  resulted  which  according  to  the  material 
balance  had  the  composition  Rbp'-0.73IFT  or  27  mol  % RbF"  -r 
73  mol  Rbll-'t. 

Potassium  fluoride  (37.87  mmol)  was  combined  with  IF, 
(101.21  mmol)  in  a 30-nil  stainless  stell  cylinder.  The  cylinder 
was  shaken  for  50  hr  at  60°.  Uureacted  IF,  (17.61  mmol)  was 
removed  at  20°  by  pumping  for  3 hr.  Therefore,  KI-'  (37. 87 
mmol)  had  reacted  with  IF.-,  (83.60  mmol)  in  a mole  ratio  of 
1:2.21.  Upon  continued  pumping  at  25°,  the  solid  kept  losing 
additional  amounts  of  IF',.  Pyrolysis  at  60°  in  vacuo  for  14  hr 
resulted  in  a white,  stable,  crystalline  product  having  the  compo- 
sition Kl-'-0.95II-T. 

Sodium  fluoride,  when  heated  to  60°  for  50  hr  on  a shaker  in 
tlte  presence  of  a large  excess  of  1FT,  did  not  combine  with  the 
latter  to  form  a stable  adduct. 

Gaseous  F'NO  was  added  in  increments  at  25°  to  liquid  IF-, 
(15.96  mmol)  contained  in  a Teflon  HEP  U trap.  Upon  F'NO 
addition,  the  mixture  turned  yellow  and  a slightly  exothermic  re- 
action occurred.  After  addition  oi  5.32  mmol  of  F'NO  (cor- 
responding to  F'NO-3IF'j),  the  mixture  was  still  liquid.  The 
addition  of  an  additional  5.32  mmol  of  FNO  resulted  in  partial 
solidification.  A total  of  18.98  mmol  of  F'NO  was  added  and  the 
temperature  of  the  mixture  was  cycled  several  times  between 
- 196  and  +26°.  Unreacted  1-NO  (2.89  mmol)  was  removed 
in  vacuo  at  — _4°.  Hence,  FNO  (16.09  mmol)  had  reacted  with 
II-'.-,  (15.96  mmol)  in  a mole  ratio  of  1 : 0.03  to  form  a white,  crys- 
talline solid.  This  solid  had  a dissociation  pressure  of  about  30 
mm  at  21°.  The  vapor  phase  above  the  solid  was  shown  by  in- 
frared spectroscopy  to  consist  of  equimolar  amounts  of  I-’NO  and 
IF',. 

Bromine  pentafluoride  (4.20  mmol)  and  I-'NO  (8.40  mmol) 
were  combined  at  — 196°  in  a Teflon  FEP  U trap.  Upon  warm- 
up, the  mixture  melted  forming  a yellowish  liquid.  The  mix- 
ture remained  liquid  at  —64°  and  could  be  eompletely  removed 
in  vacuo  at  this  temperature,  not  yielding  a solid  at  any  time. 
Hence,  no  stable  solid  adduct  is  formed  at  temperatures  as  low 
as  —64°. 

Results  and  Discussion 

Syntheses  and  Properties.-  The  formation  of  distinct 
1 :3  and  1 : 1 adducts  for  the  alkali  metal  fluoride-iodine 
pentafluoride  systems  was  established  by  syntheses. 
Thus,  KF,  RbF,  and  CsF,  can  combine  v/ith  more  than 
an  equimolar  amount  of  IF:,.  For  CsF  an  almost  theo- 
retical conversion  to  a stable  1 :3  adduct  was  achieved. 
This  1:3  adduct  can  be  pyroiyzed  under  vacuum  at 
90°  to  form  the  known  1:1  adduct.  When  CsF-31F6 
was  slowly  heated  in  a sealed  glass  capillary  under  1 
atm  of  Ns,  the  material  became  pasty  at  105-110°  and 
partial  melting  started  at  about  123°.  At  140-1,»('°, 
IF6  started  to  distil  off  the  solid,  and  the  glass  container 
was  attacked.  A sample  of  CsIF»  started  to  attack  the 
glass  container  at  ~16()°,  the  temperature  at  which 
partial  melting  began.  The  dta  data  are  in  fair  agree- 
ment with  these  observations.  Thus,  CsF. 31  Fj  showed 
a gradual,  continuous  endotherm  starting  at  about 
153°  indicating  the  loss  of  IF6.  The  slight  temperature 
difference  might  be  due  to  the  faster  heating  rate  used 
for  the  dta  study.  No  evidence  for  a stepwise  decom- 
position, i.e.,  for  the  formation  of  a distinct,  interme- 
diate 1:2  adduct  was  obtained.  The  dta  curve  of 
CsIF6  showed  an  endotherm  from  223  to  221°. 

The  isolation  of  clearly  defined  RbF- 3IF&  and 
KI  -3IFS  adducts  is  more  difficult  owing  to  their  mar- 
ginal stability  at  25°  and  the  relatively  low  volatility 
of  llq,  which  must  be  used  in  excess  for  their  syntheses. 
Furthermore,  the  conversion  of  RbF  to  ari  IF,  adduct 
was  found  to  be  slow.  After  2 days  the  conversion  to 
RbF-3IF6  was  only  45%  and  after  C days  only  74%. 
It  is  unlikely  that  at  this  point  the  product  consisted 
mainly  of  RbIF»  and  some  RbF  - 3IFt  since  a mixture  of 
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Table  I 

X-Ray  Powder  Data  for  KIF<,  RbIPt,  and  CsIF, 
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73%  RblF*  and  27%  RbF  was  obtained  upon  pyrolysis 
of  the  product  at  a temperature  at  which  RblF*  is  sta- 
ble. To  obtain  mainly  the  3 : 1 adducts  of  IF*  with 
either  RbF  or  KF,  removal  of  unreacted  IF*  must  be 
stopped  as  soon  as  the  IF*  removal  rate  decreases 
sharply.  Otherwise,  the  products  will  contain  larger 
amounts  of  RblF*  and  KIF«,  respectively.  A mixture 
of  RbF  (27%),  RblF*  (23%),  and  RbF3IF*  (50%), 
having  the  empirical  composition  RbF1.73IF*  when 
heated  in  a sealed  glass  capillary,  did  not  show  a sharp 
melting  point  but  started  to  become  cloudy  at  130- 
140°  and  to  decompose  slowly  with  IF*  evolution.  A 
sample  of  RbF  (27%)  and  RblF*  (73%)  started  to  be- 
come cloudy  at  <—'170°  with  attack  of  the  glass,  con- 
tainer. The  dta  curve  for  the  RbF-RbIF*-RbF  ■ 3IFt 
sample  showed  the  onset  of  an  endotherm  at  137° 
which  reached  its  maximum  at  102° . The  RbF-RbIF» 
sample  showed  only  a large  exotherm  starting  at  240° 
which  is  ascribed  to  attack  on  the  aluminum  container. 
A sample  of  KIF*  containing  ~5  mol  % KF  when 
heated  in  a sealed  glass  tube  started  to  give  off  some 
IF*  at  ~130°.  Its  dta  curve  showed  the  onset  of  a 


large  endotherm  at  ^180°  followed  by  a second  endo- 
therm centered  at  about  240°.  Sodium  fluoride  did 
not  form  any  adduct  with  IF*  under  reaction  conditions 
similar  to  those  used  for  the  remaining  alkali  metal 
fluoride  adducts. 

The  fact  that  CsF  and  RbF  form  well-defined  1:3 
adducts  with  IF*  and  are  not  just  CsIF,  or  RblF*  con- 
taining varying  amounts  of  loosely  attached  IF*  is  sup- 
ported by  the  following  arguments.  A well-defined, 
stable  1 : 3 adduct  was  isolated  for  CsF.  This  CsF  • 3IF* 
adduct  shows  a distinct  vibrational  spectrum  and  X-ray 
powder  diffraction  pattern  (see  below).  The  partially 
pyrolyzed  RbF-3IF*  adduct  of  the  empirical  composi- 
tion RbF-1.73IF*  showed  only  the  bands  character- 
istic of  the  1 : 1 and  the  1:3  adducts. 

Nitrosyl  fluoride  does  not  form  a solid  1:3  adduct 
with  IF*.  However,  it  forms  a solid  1 : 1 adduct  which 
has  a dissociation  pressure  of  about  30  mm  at  21°. 
This  is  in  contrast  to  previous  reports  by  Seel  and  co- 
workers, who  reported  FNO  IF*  to  be  a liquid  COm- 

IS)  F.  SmI  Ud  N.  Muut,  Z.  Aturf.  AUt.  Cktm.,  MS,  1(0  (ISM). 

(0)  F.  SmI  Ud  W.  Birakraut,  A «».  Ck*m„  It,  SSI  (1961). 
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plex.  No  adduct  formation  was  observed  between 
BrF4  and  FNO  at  temperatures  as  low  as  —64°. 

X-Ray  Powder  Data. — Table  I lists  calculated  and 
observed  X-ray  powder  diffraction  data  for  KIF#, 
RblF#,  and  CsIF#  indexed  in  the  hexagonal  system. 
From  these  data  the  following  unit  cell  dimensions 
were  calculated:  KIF«,  a **  15  ' - 11.00  A;  Rb- 

lF#, a » 15.97,  c ■=  11.61  A;  t.  .«,<!«=  16.52,  c *= 
11.89  A.  Density  measurements  resulted  in  the  fol- 
lowing densities:  KIF*,  dtl  “ 3.55  g cm-';  CsIF#, 
du  « 4.05  g cm'1.  These  density  values  indicate  18 
"molecules”  of  MeJ.F#  per  unit  cell  (KIF*,  = 3.55 
gem-*;  CsIF«,  drtiad  **  3.98  gem-*).  Bougon,  Char- 
pin,  and  Soriano  recently  reported10  rhombohedral  unit 
cells  for  the  related  adducts,  KBrF«,  RbBrF#,  and 
CsBrF«.  Since  these  rhombohedral  unit  cells  can  be 
referred  to  hexagmal  ones,10  the  possibility  of  indexing 
the  MelF#  patterns  in  the  rhombohedral  system  was 
examined.  However,  some  of  the  observed  reflections 
do  not  belong  to  one  of  the  following  two  categories: 
—h  + k + Z * 3w  and  h — k + / =*  3n.  Hence,  the 
possibility  of  rhombohedral  unit  cells  must  be  ruled  out 
for  the  IF#-  salts.  The  fact  that  the  MelF#  unit  cells 
contain  6 times  as  many  molecules  as  the  MeBrF#  ones 
agrees  well  with  the  lower  symmetry  suggested  for  IF«- 
on  the  basis  of  the  observed  vibrational  spectra.’ -4'l#- 11 
The  powder  pattern  of  CsF  SIF#  was  distinct  from  that 
of  CsIF#  but  could  not  be  indexed.  The  density  of 
CsF-3IF#  was  measured  and  found  to  be  du  — 3.42  g 
cm-*. 

Vibrational  Spectra. — Figure  1 shows  the  infrared 
spectra  of  KIF,,  RbIF»,  CsIF#,  CsF-3IF#,  and 


Figure  1. — Infrared  spectra  of  the  IF#  adduct*  as  dry  powders  in 
AgBr  dlsLs. 

RbF*  1.7IF#.  Figures  2 and  3 show  the  corresponding 
Raman  spectra.  The  observed  frequencies  are  listed 
in  Table  II.  As  can  be  seen,  the  spectra  of  the  1 : 1 and 
1:3  adducts  show  a marked  difference.  Furthermore, 
the  spectrum  of  partially  pyrolyzed  RbF<3IF#  shows 
only  bands  due  to  RblF#  and  RbF*3IF».  This  is  evi- 

(10)  R.  Bougon,  P.  Cbsrpia,  sod  J.  Soriano,  C.  R.  And.  Sti.,  Sir.  C.  ITS, 

«w  d#n). 

(1 1)  J.  ShunUr  and  I.  Yaroaiaviky,  hr.  J.  Churn.,  T,  4M  (ISAS). 


Figure  2. — Raman  spectra  of  KIF#,  RblF#,  and  CsIF#.  C in- 
dicates spectral  slit  width. 


dence  for  the  nonexistence  of  a distinct  1 :2  adduct  as 
an  intermediate  decomposition  product. 

The  large  number  of  bands  observed  for  MelF#  (at 
least  12  or  13)  rules  out  symmetries  higher  than  Ct,  for 
IF#-.  Distinction  between  eclipsed  or  staggered  mod- 
els (differing  by  one  infrared-active  stretching  mode4) 
ca  mot  be  made  due  to  the  unresolved  band  shape  of 
the  529-cm-’  infrared  band.  In  addition,  the  large 
number  of  "molecules”  (18)  per  unit  cell  can  t«  ex- 
pected to  cause  the  spectra  to  deviate  somewhat  from 
that  of  the  free  ion.  Hence,  conclusions  based  on  such 
subtle  spectral  differences  would  be  purely  speculative. 

Similarly,  it  is  difficult  to  interpret  the  vibradonal 
spectrum  of  CsF-3IF».  The  spectrum  is  not  a simple 
composite  of  those  of  CsIF*  and  free  IF#  as  one  might 
expect  for  an  ideal  molecular  adduct.  An  example  of 
such  an  ideal  molecular  adduct  of  IF#  was  found1*  by 
Sladky  and  Bartlett  for  XeFt1  IF#.  However,  some  of 
the  bands  of  CsF  -3IF#  have  frequencies  somewhat:  sim- 

(19)  F.  O.  SUAkjr  sad  N.  Barth**.  J.  Chum.  S he.  A,  USA  (ISM). 
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Table  II 

VlBKATiONAySncTBA  of  KIF,,  RbIF«,  CsIF*,  CjF'3IFi,  anb  RbF-  1.7KF* 
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ilar  to  those1*'14  of  IF*.  Hence,  the  possibility  of  a 
nonideal  molecular  adduct  cannot  be  ruled  out.  The 
increased  deviation  of  the  spectrum  from  that  of  free 
IF*  might  be  explained  by  the  ionic  lattice  ( Cs+  and 
IF*-  ions)  polarizing  the  soft  IF*  molecule  and  thereby 
distorting  it.  We  have  observed  that  single  crystals 
of  CsF-3IF»  can  be  obtained  from  IF*  solutions,  and, 
therefore,  the  exact  structure  of  this  interesting  adduct 
could  be  studied  by  X-ray  diffraction. 

Comparison  of  the  results  of  this  study  with  those 
reported  earlier1-4  resolves  the  previously  unexplain- 
able discrepancies.  The  two  sets  of  Raman  data  re- 
ported5 by  Christe  were  due  to  the  1 : 1 and  1 :3  adducts, 
respectively.  The  data  reported1  by  the  Argonne  group 
were  due  to  the  1 :3  adduct,  whereas  the  Glasgow  group 
worked  with  a 1:1  adduct  showing  several  additional 
unexplainable  bands.  Klamm,  (l  al.,  reported*  the 
best  set  of  data  for  KIF*  and  CsIF*.  They  are  in  good 
agreement  with  those  found  in  the  present  study  for 
the  1 : 1 adducts.  The  fact  that  a number  of  experi- 
enced investigators  mistook  the  1 : 3 adducts  for  1:1 
adducts  demonstrates  that  quantitative  syntheses  and 
elemental  analyses  may  in  some  rare  instances  be  in- 
sufficient for  characterizing  new  adducts.  For  the 
MeF  + IF*  reaction,  incomplete  conversion  of  MeF 
to  MeF-3IF*  resulted  in  material  balances  and  elemen- 
tal analyses  closely  corresponding  to  those  expected 
for  pure  MelF*. 

The  BrF*-  and  IF*-  anions  present  a very  interesting 
structural  problem.  Vibrational  spectra  indicate  that 
IF*-  is  of  low  symmetry,  whereas  BrF*-  appears  to  be 
of  higher  symmetry  and  possibly  to  have  a symmetry 
center. 10  This  dissimilarity  might  be  due  to  the  differ- 
ent sue  of  the  central  atom  resulting  for  BrF«~  in  a 
maximum  coordination  number  of  6 and,  consequently, 
a sterically  inactive  free  electron  puir.  For  the  larger 

(IS)  ().  M.  Basua,  W.  H.  Ft'tcfear,  tail  U.  F.  Smith.  J.  (.'turn.  /**>«..  U, 

2SM  (IMS). 

<I4)  H S*H*  aod-H.  Hoi* mu,  Itr.  J.  Cktm.,  T,  417  (IMS). 


iodine  atom,  the  maximum  coordination  number  is  7 
and  the  free  electron  pair  should  become  sterically  ac- 
tive. Hence,  a determination  of  the  exact  structure  of 
both  ions,  which  are  isoelectronic  with  XeF«,  is  very 
desirable.  Since  the  size  of  the  central  atom  in  XeF* 
should  be  intermediate  between  those  of  Br  and  I in 
BrFt  and  IF*-,  respectively,  one  might  expect  the 
structure  of  XeF*  to  contain  contributions  from  both 
the  BrF*-  and  IF*-  structures,  possibly  giving  rise  to  a 
dynamic  pseudo  Jahn-Teller  effect.  “• 14  Consequently, 
the  existence  of  a stable  1 : 1 adduct  between  FNO  and 
IF*  was  examined.  In  the  case  of  a stable  adduct, 
single  crystals  could  be  grown  by  sublimation  and 
studied  by  X-ray  diffraction  techniques.  However, 
the  appreciable  dissociation  pressure  of  FNO- IF*  and 
the  relatively  low  volatility  of  IF*  prevented  the  suc- 
cessful growth  of  suitable  single  crystals.  In  this  con- 
text, the  possibility  of  synthesizing  NO+BrF«-  was 
also  examined. 

The  vibrational  spectrum  of  IF*-,  recently  reported11 
by  Shamir  and  Yaroslavsky,  strongly  resembles  those 
of  the  IF*-  salts.  The  following  facts  cast  some  doubt 
on  the  conclusions  reached  by  Shamir  and  Yaroslavsky 
for  IF*-:  (i)  their  IF*-  salt  was  prepared  from  Csl 
and  IF*  which  under  slightly  different  reaction  condi- 
tions yield  CsIF*;17  (ii)  CsCl  + IF*  yield  CsIF*;  (iii) 
the  spectrum  resembles  that  of  IF*-;  (iv)  a C»,  struc- 
ture is  completely  unexpected  for  IF«~. 
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; The  adducts  of  CsF  with  SeF4  and  SF4  have  been  prepared  and  characterized  by  vibrational  spectroscopy.  The  observed 

spectra  closely  resemble  those  of  BrF»  and  C1F,,  respectively,  indicating  ionic  structures  with  square-pyramidal  anions  of 
symmetry  C„.  Force  constants  have  been  computed  for  the  series  SF,~,  SeF,~,  and  TeF,"  and  are  compared  to  those 
| of  tb-  is?electronic  OF,.  BrF,,  and  IF,  molecules,  respectively. 
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Introduction 

The  ehalcogen  teu'afluorides  SF4)  SeF4,  and  TeF,  are 
known  to  be  amphoteric  and  to  fo  n adducts  with 
Lewis  adds  and  bases.  Whereas  numerous  papers 
dealing  with  the  vibrational  spectra  and  structure  of 
their  Lewis  acid  adducts  have  been  published,1- 2 3 * * 6*  of 
their  Lewis  base  adducts  only  the  complexes  of  TeF, 
have  been  studied7- * 9 10 (II) 12 * 14*  in  detail.  These  TeF,  • (Lewis  base) 
adducts  were  shown7-*  to  contain  a TeF,-  anion  of 
symmetry  C4t.  The  existence  of  1 : 1 adducts  between 
SeF,  and  alkali  metal  fluorides  was  reported10  in  1952 
by  Aynsley,  Peacock,  and  Robinson.  However,  their 
adducts  were  only  characterized  by  elemental  analyses. 
Whereas  Bartlett  and  Robinson*  and  Tunder  and 
Siegel11  reported  that  alkali  metal  fluorides,  such  as 
CsF,  do  not  form  adducts  with  SF,,  Tullock,  Coffman, 
and  Muetterties1*  successfully  prepared  a stable  CsF- 
SF4  adduct.  Furthermore,  Tunder  and  Siegel  ob- 
tained11 evidence  for  a (CH,)4NF-SF4  adduct  of 
marginal  stability  at  ambient  temperature.  No  further 
information  has  been  published  on  either  the  SF4  or 
SeF4  adducts. 1U  In  this  paper,  we  wish  to  report  the 
vibrational  spectra  of  the  SeFs~  and  SF,-  anions  and 
their  force  constants.  Since  the  vibrational  spectra  of 
the  series  of  square-pyramidal  molecules  C1F,,  BrF,, 
and  IF,  are  known,  1,-“  it  appeared  particularly 

(1)  P.  Seel  end  O.  Detmer,  Z.  Anort-  All ,.  Cktm.,  MI,  113  (1958). 

(2)  J.  A.  Kvtu  end  O.  A.  Long.  J.  Cktm.  Soc.  A,  1688  (1668). 

(3)  M.  Asacm,  R.  J.  Gillespie,  and  M.  Browmteln,  Cum.  J.  Cktm.,  IT, 

1161  <1969). 

(I)  N.  Bartlett  and  P.  Robinson,  J.  Cktm.  Soc.,  3117  (1961). 

(6)  A.  J.  Kdwarda and  G.  R.  Jones,  CkcM.  Commas,,  S46  (1968);  J.Ckem. 
Sot.  A,  1491  (1970). 

(6)  R.  J.  Gillespie  awl  A.  Wiitla,  Can.  J.  Cktm..  M,  657  (1870). 

(7)  N.  N.  Greenwood.  A.  C.  Serena,  and  B.  P.  Straughen,  J.  Cktm.  Soc. 
A.  1446  (1056). 

(I)  A.  J.  Ed wa.de  asd  M.  A.  Monty,  iM..  703  (1969). 

(9)  8.  M.  Maatia,  R.  R.  Ryu,  and  L.  B.  Asprty,  In or/.  Cktm.,  9,  2100 
(1970). 

(10)  B.  B.  Aynsley,  R.  D.  Peacock,  and  P.  L.  Robinson.  J.  Cktm.  Soc., 
1211  (1952). 

(II)  K.  Tunder  and  B.  Steal,  J.  lmort.  ft  tel.  Cktm.,  M,  1097  (1963). 

(12)  C.  W.  Tullock,  D.  D.  Coffman,  and  K.  L.  Muetterties,  J.  dinar. 

Cktm.  Soc.,  96,  267  (1964). 

(11a)  Not*  Audio  im  Psoor — After  submission  of  this  paper  for  publica- 
tion, L.  P.  Drulliaier  end  J.  B.  Griffiths  [Sptclrockim.  Aclt,  Pttl  A,  IT,  1793 
(1971)]  reported  the  vibrational  spectrum  of  the  SPt*  anion.  Tbeir  epee- 
tram,  assignment,  ud  conclusions  concerning  the  structure  of  SF*  “ agree 
with  those  of  this  study  except  for  the  amigament  of  >e(B).  In  related  mole- 
cules and  ions  this  mode  la  of  appreciable  intensity  sad  wa  did  not  observe 
the  weak  infrared  bud  at  2M  cm  -•  assigned  by  Drulliager  and  Griffiths  In 
re.  Consequently,  we  prefer  to  assume  a double  coincidence  between  m and 
re  aa  In  the  case  of  ieoelectroaic  CIPt. 

(12)  G.  M.  Begun,  W.  H.  Fletcher,  ud  D F.  Smith.  J.  Cktm.  Pkys.,  42. 
2236  (1965). 

(14)  H.  Selig  and  H.  Holunu.  itr.  J.  Cktm.,  T,  417  (1969). 
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interesting  to  compare  them  with  those  of  the  isoelec- 
tronic  series  SFj-,  SeF4-,  andTeFg-. 

Experimental  Section 

Materials  gnd  Apparatus — Volatile  materials  used  in  this  work 
were  manipulated  in  a well-passivated  (with  ClFg)  stainless  steel 
vacuum  line  equipped  with  Teflon  FEP  U 'traps  and  316  stainless 
steel  bellows-seal  valves  (Hoke,  Inc.,  426  1F4Y).  Pressures 
were  measured  with  a Heise  Bourdon  tube-type  gauge  (0-1600 
mm  ± 0.1%).  Selenium  tetrafluoride  was  prepared  by  the 
method1*  of  Pitts  and  Jache  from  selenium  powder  and  C1F  and 
was  purified  by  fractional  condensation.  Cesium  fluoride  was 
fused  in  a platinum  crucible  and  powdered  in  a drybox  prior  to 
use.  The  purity  of  the  volatile  starting  materials  was  determined 
by  measurements  of  their  vapor  pressures  and  infared  spectra. 
Solid  products  were  handled  in  the  dry  nitrogen  atmosphere  of  a 
glove  box. 

The  infrared  spectra  were  recorded  on  a Perkin-Elmer  Model 
467  spectrophotometer  in  the  range  4000-260  cm  The  spectra 
of  gases  were  obtained  using  304  stainless  steel  cells  of  5-em  path 
length  fitted  with  AgCl  windows.  Screw-cap  metal  cells  with 
AgCl  or  AgBr  windows  and  Teflon  FEP  gaskets  were  used  for 
obtaining  the  spectra  of  solids  as  dry  powders  at  ambient  temper- 
ature. The  quality  of  the  infrared  spectra  could  be  somewhat 
improved  by  pressing  two  small  single-crystal  platelets  of  either 
AgCl  or  AgBr  to  a disk  in  a pellet  press.  The  powdered  sample 
was  placed  between  the  platelets  before  starting  the  pressing 
operation . The  low-temperature  infrared  spectra  of  dry  powders 
were  obtained  by  attaching  the  AgCl  windows  to  a coclable  cop- 
per block  of  a conventional,  low-temperature  Pyrex  cell. 

The  Raman  spectra  were  recorded  using  a Coherent  Radiation 
Laboratories  Model  62  Ar  laser  as  a source  of  1.3  W of  exciting 
light  at  6146  A.  The  scattered  light  was  analyzed  with  a Spcx 
Model  1400  double  monochromator,  a photomultiplier  cooled  to 
~26°,  and  a dc  ammeter.  Pyrex-glass  rubes  (7-mm  o.d.)  with  a 
hollow  inside  glass  cone  for  variable  sample  thicknesses  or  melt- 
ing  point  capillaries  were  used  as  sample  containers.  For  the 
conical  tubes,  the  axial  viewing-transverse  excitation  technique 
and,  for  the  capillaries,  the  transverse  viewing-transverse  esci- 
tation  technique  were  used. 

Preparation  of  the  Adducts.  Cs+SFi". — A 30- ml  prepaid- 
vated  stainless  steel  cylinder  was  loaded  with  powdered  CsF 
(36.2  mmol)  and  SF4  (46.9  mmol).  The  adduct  was  formed  by 
shaking  the  cylinder  at  room  temperature  for  several  days,  fol- 
lowed by  heating  to  126*  for  several  more  days.  On  cooling  to 
room  temperature,  the  unreacted  SF4  was  removed  by  pumping. 
The  white  solid  product  that  remained  in  the  cylinder  was  a 
single  fused  mass  which  was  chipped  from  the  cylinder.  The 
weight  of  the  solid  (7.41  g)  indicated  that  approximately  half  the 
CsF  charged  (6.60  g)  had  been  converted  to  the  adduct.  Ihis 
was  confirmed  by  pyrolyzing  i«  vacua  a portion  of  the  adduct  at 
160“  and  trapping  the  evolved  gas  at  —196*.  From  0.82  g of 
the  adduct,  1.88  mmol  of  pure  SF<  was  obtained,  indicating  a 
mixture  of  48  mol  % Cs+SF4~  and  52  mol  % CsF. 

Cs+SeF*“. — Powdered  CsF  (13.1  mmol)  was  loaded  into  a pce- 
patuivated  30-ml  stainless  steel  cylinder  followed  by  SeF4  (8.04 
mmol).  The  cylinder  was  allowed  to  stand  at  room  temperature 
overnight.  Pumping  on  the  cylinder  revealed  that  all  the  SeP4 
had  reacted  since  no  volatile  product  was  recovered . The  weight 
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Figure  1. — Raman  spectrum  of  solid  Cs+ScF,~  The  sample 
container  was  a glass  capillary.  C indicates  spectral  slit  width 


Figure  2. — Infrared  spectrum  of  solid  Cs+SeF»_.  recorded  as  a 
dry  powder  betwecr  AgBr  plates  at  —106*. 


Figure  3. — Raman  specttun  of  solid  Cs+S»r*~.  The  sample 
container  was  a glass  capillary. 


Figure  4. — Infrared  spectrum  of  solid  Cs*3F»-,  recorded  as  an 
AgBr  disk  at  ambient  temperature  (trace  A)  and  a dry  powder 
between  AgBr  plates  at  - 106°  (trace  B). 

of  the  white  solid  adduct  (3.26  g)  obtained  was  in  agreement  with 
this  observation.  Therefore,  the  product  was  a mixture  of  61 
mol  0+S«Fi~  and  30  mol  % CsF. 

Result*  and  Discussion 

Synthesis  end  Properties. — The  reaction  conditions 
used  for  the  synthesis  of  Cs+SeF,~  were  similar  to 
those-  used  by  Ayusley,  Peacock,  and  Robinson. 
Since  the  presence  of  some  unreacted  CsF  was  not  ex- 
pected to  interfere  with  the  spectroscopic  investigation, 
no  ettempt  was  made  to  achieve  complete  conversion 
of  CsF  to  CsSeF*.  Our  product  appeared  to  be  com- 
pletely stable  in  vacuo  at  ambient  tcni|>cwturc  contrary 
to  the  claim  of  Aynsley,  el  al.,  who  reported 1,1  slight  de- 
composition under  similar  conditions. 
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The  CsF  •SF4  adduct  was  prepared  by  the  method1* 
of  Tullock,  et  ai.,  confirming  the  existence  of  a stable 
complex.  Again,  no  attempt  was  made  to  achieve 
complete  conversion  of  CsF  to  Cs+SFt-. 

Vibrational  Spectra.— Figures  1 and  2 show  the 
Raman  and  infrared  spectra,  respectively,  of  the  solid 
CsF'SeF4  adduct.  Figures  3 and  4 show  the  cor- 
responding spectra  of  solid  CsFSF4.  The  observed 
frequencies  are  listed  in  Table  I.  The  Raman  spectra 
are  of  better  quality  than  the  infrared  spectra  as  is 
generally  the  case  for  this  type  of  compound.  Conse- 
quently, assignments  will  be  based  mainly  on  the 
Raman  spectra.  The  absorption  between  300  and 
240  cm*1  in  the  infrared  spectra  is  mainly  due  to  the 
AgBr  window  material. 

Since  the  chalcogen  tctrafluoride-Lewis  acid  ad- 
ducts'-* and  CsF-TeF47-'  were  shown  to  be  ionic,  the 
same  might  be  expected  for  the  CsF  adducts  of  SF4  and 
SeF4.  In  the  pcntafiuorochalcogenate(IV)  anions,  the 
central  atoms  possess  a free  electron  pair  which  should 
be  sterically  active.  Hence,  these  anions  should  have  a 
square-pyramidal  structure  of  symmetry  C4t  similar  to 
that  of  the  isoelectronic  halogen  pentafluoride  series. w 

For  a pentafluorochalcogenate(IV)  anion,  XFt-,  of 
symmetry  C4,  nine  fundamental  vibrations  should  be 
observed.  These  are  classified  as  3 At  + 2 Bi  + B*  + 
3 E.  Ail  nine  modes  should  be  Raman  active  whereas 
only  the  Ai  and  E modes  should  be  infrared  active. 
Table  I lists  the  vibrational  frequencies  of  the  two  iso- 
electronic series  SF4~,  SeF»-,  TeF4-  and  C1F4,  BrF4, 
IF4.  As  can  be  seen  from  Table  I,  the  vibrational  fre- 
quencies of  the  two  series  are  very  similar.  In  par- 
ticular, the  Raman  spectra  of  SF*-  and  SeF4-  strongly 
resemble  those  of  C1F*  and  BrF4,  respectively,'*  con- 
sidering the  expected  frequency  decreases  when  going 
from  the  neutral  molecules  to  the  anions.  Since  the 
assignments  for  the  halogen  pentafluorides  are  well 
established, u~'*  the  spectra  of  SF4-  ard  SeF4-  can  be 
assigned  (see  Table  I)  by  complete  analogy.  For 
TeF»~,  the  previously  reported7  assignments  have  been 
slightly  revised  to  fit  the  overall  intensity  and  frequency 
patterns.  Greenwood,  et  at.,  assigned7  the  symmetric 
out-of-phase  stretching  vibration  v4  to  a weak  Raman 
band  at  572  cm-1  and  the  antisymmetric  stretching 
vibration  *7  to  a strong  Raman  band  at  472  cm-1.  This 
assignment  results  in  i>4  having  a higher  frequency  than 
>>j  which  was  not  observed  for  any  other  member  in  this 
series.  It  appears  more  satisfactory  to  assign  the  strong 
Raman  line  at  472  cm-1  to  p4  and  to  assume  that  the 
low-intensity  Raman  counterpart  of  the  intense  infra- 
red band  at  466  cm-1  is  hidden  under  the  472-cm-' 
band. 

Comparison  of  the  vibrational  spectra  of  the  XFt- 
series  with  tlosc  of  the  isoelectronic  XF,  molecules1*-'1 
reveals  several  interesting  features.  The  Raman  spec- 
tra of  the  corresponding  members  of  each  series  are 
very  similar.  The  frequency  trends  within  each  series 
are  consistent.  Thus,  the  stretching  modes  n and  v4, 
involving  very  little  motion  of  the  central  atom,  show 
frequency  values  reflecting  the  ex|>ected  change  in  bond 
strength,  whereas  the  stretching  modes  vi  and  n.  in- 
volving a motion  of  the  central  atom,  exhibit  an  addi- 
tional mass  effect.  The  deformational  modes  show,  as 
expected,  a pronounced  frequency  increase  with  de- 
creasing size  of  the  central  atom. 


An  unexpected,  but  explicable,  feature  in  the  spectra 
of  SeF|~  and  TeF*-  is  the  unusual  occurrence  of  the 
antisymmetric  XF4  stretching  mode,  n(E),  at  a fre- 
quency lower  than  that  of  the  totally  symmetric  XF4 
stretching  mode,  p*(Ai).  In  SF»~  the  frequency  value 
of  n is  only  68  cm-'  higher  than  that  of  *».  Since  the 
mass  of  the  central  atom  increases  from  SF*~  toward 
TeF«~  and  since  only  the  frequency  of  >>7  is  mass  de- 
pendent, for  SeFt-  and  TeF*-  this  frequency  becomes 
lower  than  that  of  »>*.  A similar  unusual  occurrence  of 
the  symmetric  out-of-phase  stretching  mode,  ^(E,),  at 
a frequency  higher  than  that  of  the  totally  symmetric 
vi(Aii)  mode  was  recently  established  for  the  octahedral 
IF4+  ion.17  These  two  cases  demonstrate  the  possi- 
bilities for  incorrect  assignments7,1*  when  ignoring  rela- 
tive intensities  of  bands  and  frequency  trends  in  related 
molecules. 

In  summary,  the  vibrational  spectra  of  SF4-,  SeF»“, 
and  TeF|~  show  that  these  anions  are  isostructural  with 
C1F»,  BrF4,  and  IF4.  Consequently,  the  following 
square-pyramidal  structure  of  symmetry  C4,  can  be 
assigned  to  these  anions 


Force  Constants. — Force  constants  were  computed 
for  the  three  isoelectronic  pairs  SFi--ClF»,  SeF»~- 
BrFj,  and  TeF4--IF4.  The  required  potential  and 
kinetic  energy  metrics  were  computed  with  a machine 
method1’  adopting  the  geometries  given  in  Table  II. 


Tasls  II 

Assumed  Molecular  Parameters  for  Square-Pyramidal 
Prntavluoride  Ions  and  Molecule* 


SP.» 

CIF.* 

SdF»-* 

BkP.* 

T*F»-4 

IF,* 

R,  A 

1.62 

1.62 

1.68 

1.68 

1.86 

1.83 

r,  A 

1.72 

1.72 

1.78 

1.78 

1.96 

1.87 

0,  de* 

90 

90 

84.6 

84.6 

79.0 

83 

* Assumed  value*.  * Value*  assumed  in  ref  13.  * R.  D. 
Burbank  and  F.  N.  Bensey,  Jr.,  J.  Chtm.  Pkys.,  27,  082  (1907). 
* Reference  9.  * Unpublished  electron  diffraction  data  by  T.  O. 
Hewitt,  A.  G.  Robiette,  and  G.  M.  Sheldrick  referred  to  by 
S.  J.  Cyvin,  J.  Brunvoll,  and  A.  G.  Robiette,  J.  Mol.  Struct.,  S, 
269  (1969). 


The  force  constant  definitions  used  are  those  of  Begun, 
Smith,  and  Fletcher,'*  except  that  the  deformation  co- 
ordinates are  weighted  by  unit  (1  A)  distance.  The 
force  constants  were  adjusted  by  trial  and  error,  assum- 
ing the  simplest  possible  modified  valence  force  field,  to 
give  an  exact  fit  between  the  observed  and  computed 
frequencies.  Since  an  excellent  transferability  of  inter- 
action force  constants  was  noted  for  the  pairs  SeF»-- 
BrF»  and  TeF4--IF4,  the  interaction  constants  were 
assumed  precisely  equal  and  all  force  constants  were 
adjusted  for  a best  fit  by  the  reparameterization 
method.'*  The  results  are  given  in  Table  III.  For 
the  pair  SF»--C1F4,  the  transferability  was  not  quite  so 
good.  Hence,  Table  III  gives  different  interaction  con- 
stants for  this  pair.  The  similarity  of  the  interaction 
constants  reported  for  these  molecules  is  remarkable. 


(17)  K.  O.  ChrUU,  /«or<.  Chtm.,  t,  3*01  (1070). 

(I*)  J.  L.  Hardwick  and  O.  K.  L»roi,  044.,  T,  1M3  (I0M). 
09)  B.  C.  Curtl*.  Spnlmhim.  Ail*,  ft, I A,  IT,  1919  (1971). 
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Tasl*  hi 

Fobcb  Constants*  rot  Sou m XV,  Mourns  Compvtbd  so* 
BrF»-SeF,"  and  IF*-TeF,"  Fokcino  Teanssksasility  os 
INTSKACTION  TUM  AND  SO*  C1F,  AND  SF»~  BY 
RBQUtKlNG  A PmXPBCT  FlT 


C1P, 

SF»-» 

BrPi  SsP,- 

IP, 

T«P,“ 

/• 

3.47 

4.12 

4.03  3.82 

4.82 

3.96 

fr 

2.67 

2.06 

3.24  2.41 

3.82 

2.27 

f$ 

2.8 6 

2.26 

2.23  1.06 

2.10 

1.86 

fm 

1.14 

086 

0.82  0.63 

0.72 

0.64 

fu- 

0.24 

0.62 

0.27 

0.36 

ff* 

0.76 

0.66 

0.32 

0.43 

fmm‘ 

0.01 

0.11 

0.04 

0.04 

fn 

0.16 

0.23 

0.16 

0.06 

fee 

0.4 

0.26 

0.16 

0.16 

frf" 

-0.16 

-0.15 

lr!h 

0.77 

0.60 

0.82  0.63 

0.79 

0.64 

* Stretching  constants  in  mdyn/A,  deformation  constants  in 
mdyn/A  radian*,  and  stretch-bend  interaction  constants  in 
mdyn/A  radian.  * For  SF,_,  fgf  was  also  computed  and  has  a 
value  of  0.20  mdyn/A  radian*. 

The  values  reported  for  /**,  frt,  and  f,g-  for  the  pair 
ClFs-SFs-  can  be  accounted  for  by  orbital-following 
arguments.  Numerical  experiments  indicated  no  need 
to  assume  other  interaction  constants  and  convincingly 
showed  that  the  observed  frequencies  could  not  be 
fitted  unless  values  were  accepted  near  those  shown. 

Comparison  of  the  general  trends  within  XFS  and 
XF»"  series  shows  a remarkable  difference.  Whereas 
the  deformation  force  constants  in  each  series  have 
comparable  values  and  follow  the  same  trends,  the 
valence  force  constants  /*  and  f,  show  reverse  trends. 
Thus,  for  the  XF«  group,  the  lightest  member,  C1F», 
shows  the  lowest  stretching  force  constant  values,  but 
for  XF»~  the  heaviest  member,  TeF4“,  exhibits  the 
lowest  fm  value.  However,  a closer  inspection  of  the 
trends  of  the  valence  force  constants  of  fluorides 
throughout  the  periodic  system*  reveals  a general 
reversal  of  the  direction  of  that  trend  either  within  or 
close  to  the  sixth  main  group.  Furthermore,  increasing 
stretching  force  constant  values  from  chlorine  to  the 

(90)  W.  Sawodny,  Habititatiott  Thesis,  Technical  University,  Stuttgart, 
Germany,  1949. 
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corresponding  bromine  fluorides  were  also  found  for  the 
C1F,  and  BrFt  molecules11  and  the  C1F«-  and  BrF«- 
anions.M'M 

The  usefulness  of  stretching  force  constants  for  the 
distinction  between  mainly  covalent  and  semiionic 
three -center  four-electron  (3c-4e)  bonds  has  previously 
been  demonstrated  for  numerous  halogen  fluorides.11-14 
The  square-pyramidal  pentafluorides  of  the  present 
study  contain  two  types  (i.e.,  axial  and  equatorial)  of 
fluorine  ligands  and  a comparison  of  their  stretching 
force  constants  should  permit  some  conclusions  con- 
cerning the  nature  of  their  bonds.  Since  ionic  bonds 
do  not  contribute  to  the  stretching  force  constants, 
semiionic  bonds  ideally  should  exhibit  values  half  as 
large  as  those  of  covalent  bonds.  As  can  be  seen  from 
Table  III,  the/,//*  ratios  of  the  pentafluorochalcogenate 
anions  range  from  0.50  for  SF,  - to  0.64  for  TeF,  -.  This 
indicates  strong  contributions  from  semiionic  3c-4e 
p-pv  bonds1*-*  to  the  bonding  of  the  four  equatorial 
fluorine  ligands  and  mainly  covalent  character  for  the 
single  axial  fluorine  bond.  This  finding  agrees  with  a 
model  involving  an  sp  hybrid  of  the  central  atom  for  the 
sterically  active,  free-electron  pair  and  the  single, 
axial  fluorine  atom  while  two  p electrons  of  the  central 
atom  form  two  semiionic  3c-4e  bond  pairs  with  the  re- 
maining four  equatorial  fluorine  atoms. 
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The  salts  C$IF,  and  C$,IF,  were  prepared  and  characterized  by  infrared  and  Ramon  spectroscopy.  The  vibrational  spec* 
tra  observed  for  IF, ' ore  consistent  with  a square-planar  structure  of  symmetry  £>,>,.  The  Raman  spectrum  previously 
reported  for  IF,'  and  interpreted  in  terms  of  a nonplanar  structure  of  symmetry  cav  can  be  attributed  to  IF,'.  Force  con- 
stants were  computed  for  IF,'  and  ore  compared  to  those  of  BrF,',  C1F,',  and  XeF, . 


Introduction 

The  existence  of  salts  containing  the  IF*'  anion  was  first 
reported1  in  1960  by  Hargreaves  and  Peacock.  When 
studying  the  reaction  between  Csl  and  lFj , they  obtained 
depending  upon  the  reaction  conditions  different  products. 
At  elevated  temperature  the  solid  product  was  reported1  to 
be  CsIF«  whereas  at  ambient  temperature  it  was  believed 
to  be  CsIF4.  In  1961,  Asprey,  Margrave,  and  Silverthom 
reported3  the  syntheses  of  IF4"  salts  by  direct  fluorination 
of  iodides.  In  1969,  Shamir  and  Yaroslavsky  published3 
the  Raman  spectrum  of  “CslF4“  prepared  by  the  method1 
of  Hargreaves.  They  observed  nine  bands  and  concluded1 
that  IF4~  it  not  square  planar  (I)  but  poesesaes  structure  II. 
These  results  were  quite  unexpected  since  the  related  C1F4" 
and  BrF4~  anions  and  the  isoelect  ronic  XeF4  molecule  are 
all  square  planar. 4-7  Recently,  Christe  pointed  out*  that 


•Add tom  cowwpoudaaca  to  this  author  at  Rocfcrtdya*. 

(1)  G.  B.  Hutraavaa  aad  R.  a Peacock,  /.  Cham.  Sac.,  2373 
(1*40). 

v ,tt)  L.  B.  Aaptoy,  J.  L.  Morgravo,  aad  M.  E.  SSvsrthoro,  /. 
Amir.  Cham.  Sac.,  S3,  2»SS  (1941). 

(3)  1.  Shamir  aad  I.  Yaroalsvahy.  Ar.  /.  Cham.,  7.  4*S  (19*9). 
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the  Raman  spectrum,  attributed*  by  Shamir  and 
Yaroslavsky  to  IF4~,  closely  resembles  that  of  IF#".  Hence, 
it  appeared  interesting  to  study  the  vibrational  spectrum  of 
a sample  of  CslF«  which  had  been  prepared  from  lFj  and 
CsF  by  the  method9  of  Schmeitser,  et  el. 

(4)  K.  O.  Christ*  aad  W.  Sawoday,  Z.  A mom.  AUg.  Cham., 

3S7,  131  (IMS);  174,  306  (1970). 

(5)  A.  1.  Edward*  aad  G.  R.  Joaao,/.  Cham.  Soe.  A,  193# 
(1969). 

(4)  K.  O.  Cbriata  and  C.  J.  Schack, /aery.  Cham,  9, ltSJ 
(1970). 

(7)  J.  G.  Maim,  H.  Sails,  I.  Jortaar,  aad  S.  A.  Sica,  Cham 
A.v.,  6S,  199(1941). 

(5)  K.  O.  Chriata,  haory.  Cham.,  II,  1211(1973). 

(9)  II.  Schmohaar,  W.  Ludt/viei,  D.  Naumaan,  P.  Sartori,  aad 
E.  Scfcarf,  Cham.  Bar.,  101,4314(1941). 
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Table  L Vibrational  Spectrum  of  CsIF4  and  Its  Assignment  Compared  to  Those  of  Isoelectronic  XeF4 , BrF„ ' , and  C1F4 ' and  Those  of  the 
Approximately  Square-Planar  Part  of  IF, 

Obsd  freq.cm"1  (intern0) 


CslF4 

Raman 

522  (10) 

s 

195  (0+) 
455  (7.2) 


CsBrF4l> 


523  (10) 

246  (0.7) 
449  (7.9) 


CsOF4c 
Raman 
505  (10) 

288(1) 
417  (9) 


XeF„a 

Raman 


■'.p  t Assignment 

1 in  point 

Raman  group 


Approx  description 
of  vibration 


291  ms 


543(10) 

235  (0+) 
502  (8.2) 


ooa  m v4 

**.  (lO 

200  vw  v, (Eu) 


v,  (A,,)  a,(XF4)  in  phase 

^ (A,u)  4,(XF4)  out  of  plane 
v,  (Blg)  4,(XF4)  in  plane 
»,  (B*)  v((XF4)  out  of  phase 

**4  (E^  ^m(XF4) 

v,  (Eu)  4m(XF4)  in  plane 


° Uncorrected  Raman  intensities.  6 Reference  6.  * Reference  4.  d Reference  11.  * References  1 2, 1 3.  1 Frequency  taken  from  the 
NO*BrF4"  spectrum. 
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Fipue  1.  Vibrational  spectrum  of  CsIF4 . Traces  A,  B,  and  C 
represent  the  Raman  spectrum  of  the  solid,  the  infrared  spec- 
trum of  the  solid,  and  the  infrared  spectrum  of  a CH,CN  solu- 
tion, respectively.  D indicates  the  spectral  slit  width. 


Experimental  'Section 

The  proper iti  jn  and  characterization  of  CslF4  and  Cs,1F4  has 
previously  been  described.’ Owing  to  their  hygroscopic  nature 
the  compounds  were  handled  outside  of  the  vacuum  line  in  the  dry 
nitrogen  atmosphere  of  a glove  box. 

Infrared  spectra  were  recorded  on  a Perkin-Elmer  Model  457 
spectrophotometer.  Spectra  were  obtained  of  dry  powders  as  AgBr 
or  AgO  pellets  and  of  CH,CN  solutions  in  a Wilks  tcinicell  between 
AgO  plates.  Raman  spectra  were  recorded  on  a Cary  83  spec- 
trophotometer using  the  4880-A  exciting  line  of  an  Ar  ion  laser. 
Glass  melting  point  capillaries  were  used  as  sample  containers  in 
the  transverse  viewing-transverse  excitation  technique. 

Debye-Scherrer  powder  patterns  wore  taken  using  a Philips 
Norelco  Instrument,  Type  No.  1 2046,  with  copper  Ka  radiation 
and  a nickel  filter.  Samples  were  seeled  in  quartz  capillaries  of 
0.5-mia  o.d. 

Results  and  lhacuaaion 

Vibrational  Spectra.  Figures  1 and  2 show  the  vibra- 


600  400 

FREQUENCY 


Ocm-1 


Figure  2.  Raman  (trace  A)  and  infrared  (trace  B)  spectra  of 
solid  Cs,IF, . 

tional  spectra  of  CslF«  and  Cs3IF6 . As  can  be  seen,  the 
spectra  of  CsIF4  and  Cs3IF4  are  quite  distinct.  This  in- 
dicates that  for  CsjlFg  a formulation  as  CsIF4-2CsF  is  un- 
likely. The  observed  frequencies  aie  listed  in  Table  I.  The 
X-ray  powder  diffraction  patterns  of  CsIF4  and  Cs3IF4 
(Table  II)  also  differ  strongly  from  each  other  and  from 
those  of  the  C$1F4  and  the  CsF*31Fs  adducts*  and  conse- 
quently are  very  useful  for  distinguishing  between  the  dif- 
ferent adducts. 

The  vibrational  spectrum  observed  in  this  study  for  Ca!F4 
is  very  different  from  that3  previously  reported.  It  is 
simpler  (only  three  Raman  bands)  and  atrongly  resembles 
those  of  square-planar  XeF4  ,u  BrF4",‘  and  C1F4-.4  In 
addition  to  the  three  Raman  bands  two  infrared  bands 
were  observed  following  the  rule  of  mutual  exclusion. 

These  observations  are  entirely  consistent  with  a centroaym- 


(10)  M.  Schmabaar,  t.  Sartori,  and  D.  Naumann.  Chtm.  Btr., 
103,  S 90  (1970), 
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Table  II.  X-Ray  Powder  Data  for  CtIF,  and  Ct,IF, 

CU?]  Ci.IF, 


4,  A 

Intent 

d,  A 

Intent 

d.  A 

Intent 

d,  A 

Intent 

4.41 

vw 

1.854 

VW 

3.48 

ras 

1.801 

mw 

4.16 

w 

1.814 

w 

3.41 

m 

1.776 

vw 

3.82 

m 

1.688 

w 

3.35 

w 

1.759 

vw 

3.75 

VI 

1.567 

vw 

3.27 

vs 

1.735 

vw 

3.66 

vw 

1.538 

s 

3.03 

mw 

1.710 

m 

3.57 

m 

1.509 

ms 

,2.96 

mw 

1.653 

w 

3.41 

m 

1.478 

vs 

2.87 

w 

1.607 

w 

3.35 

ms 

1.455 

w 

2.65 

w 

1.555 

mw 

3.27 

vw 

1.432 

w 

260 

ms 

1.496 

w 

3.12 

vw 

1.399 

mw 

2.39 

ms 

1.460 

w 

3.05 

mw 

1.356 

m 

2.32 

vw 

1.416 

m 

2.91 

w 

1.294 

ms 

2.25 

vw 

1.370 

w 

2.56 

vw 

1.257 

mw 

2.20 

vw 

1.336 

mw 

2.51 

vw 

1.193 

mw 

2.106 

mw 

1.310 

mw 

2.38 

ms 

1.138 

m 

2.030 

m 

1.281 

vw 

2.27 

s 

1.127 

vw 

1.990 

m 

1.265 

w 

2.23 

w 

1.112 

m 

1.959 

mw 

1.223 

w 

2.207 

w 

1.079 

m 

1.892 

w 

1.153 

w 

2.088 

w 

1.067 

m 

2.013 

vs 

1.009 

m 

1.986 

w 

0.945 

m 

1.947 

vw 

0.879 

mw 

1.901 

vw 

0.867 

mw 

1.881  t 

metric  square-planar  structure  of  symmetry  D4h  (model  I). 
They  also  indicate  that  the  Raman  spectrum  previously 
assigned3  to  IF,**  was  not  due  to  IF**  but  to  IF*'.* 

Assignments  for  the  IF**  anion  in  point  group  D4h  are 
given  in  Table  I and  were  made  based  upon  the  following 
considerations.  For  IF*'  of  symmetry  D4h , the  seven  nor- 
mal modes  are  classified  as  A,g  + A2u  + + Bi,  + Blu  + 

2 Eu.  Of  these,  only  the  A|g,  Bu,  and  Bj,  modes  will  be 
Raman  active,  whereas  the  Am  and  the  two  Ey  modes  will 
be  infrared  active.  The  Biu  mode  is  inactive  in  both  the 
infrared  and  toman  spectra.  Comparison  with  the  modes 
belonging  to  the  square-planar  part  of  IF* 13,13  (see  Table  I) 
shows  that  the  E„  deformation  vibration  of  IF**  should 
occur  below  250  cm*1 , the  lower  limit  of  our  spectrom- 
eter. The  assignment  of  the  observed  bands  to  the  indi- 
vidual modes  (see  Table  I)  was  done  in  complete  analogy 
with  XeF* 11 , BrF*', 4 and  C1F**  4 and,  hence,  needs  no 
further  discussion.  Since  the  E„  stretching  mode  is  very 
broad  for  all  solid  tetrafluorohalogenate(III)  salts,  we  have 
also  recorded  the  infrared  spectra  of  CsIF*  and  CsBrF*  in 
CHjCN  solution.  For  each  salt  a single  sharp  band  cen- 
tered at  448  and  478  cm'1 , respectively,  was  observed. 

This  permits  the  accurate  determination  of  the  band  cen- 
ters and  also  eliminates  the  possibility4  of  symmetry  Dj* 
for  which  the  doubly  degenerate  Ev  mode  of  should 
split  into  its  components.  Several  less  intense  bands  were 
observed  for  CsIF*  above  600  cm*1 . These  were  of  vary- 
ing relative  intensity  and,  hence,  are  attributed  to  impu- 
rities or  hydrolysis  products. 

The  vibrational  spectrum  of  Cs31F*  shows  bands  at  about 
480, 405,  345,  255,  and  225  cm*1  in  both  the  Raman  and 
infrared  spectra.  Their  number  and  activity  rule  out  an 
octahedral  structure  for  IF*3'  as  one  might  alto  expect 
from  the  fact  that  IF«*  is  not  octahedral.*  Unfortunately, 
the  observed  spectrum  does  not  allow  a reliable  determina- 
tion of  the  symmetry  of  IF*3*.  However,  the  pronounced 
difference  in  the  vibrational  spectra  of  IF*~  and  IF*3* 
should  be  useful  for  distinguishing  the  two  ions. 

(12)  G.  M.  B*gun,  W.  H.  Fletcher,  and  O.  F.  Smith,  /.  Chtm. 
Phyi.,  42,  2236(196$). 

(13)  H.  s*lis  and  H.  Holiman.  hr.  J.  Chtm.,  7,  417  (1969). 
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Force  Constants.  Table  III  shows  the  symmetry  and  some 
of  the  internal  force  constants  of  IF*'.  For  comparison  the 
force  constants  obtained  for  XeF4  and  BrF*'  and  C1F*'  are 
also  listed.  Except  for  the  Eu  block  all  the  symmetry  force 
constants  are  unique.  The  Eu  block  is  underdetermined  since 
only  two  frequency  values  are  available  for  the  determina- 
tion of  three  force  constants.  It  has  recently  been 
shown14'16  that  in  similar  unuerdetermined  systems  con- 
sisting of  one  stretching  and  one  deformation  mode,  math- 
ematical constraints  such  as  minimizing  or  maximizing  the 
value  of  one  of  the  symmetry  force  constants  can  be  used  to 
narrow  down  the  range  of  the  possible  solutions.  In 
particular,  one  might  expect14,16  that  in  strongly  coupled 
systems  the  values  of  the  general  valence  force  field  (GVFF) 
will  fall  within  the  range  given  by  F47  = 0 as  the  lower  and  by 
f'n  = minimum  as  the  upper  limit.  These  ranges  were  com- 
puted for  IF*',  BrF*',  C1F*',  and  XeF*  and  are  listed  in 
Tabie  III  It  can  be  seen  that  for  the  very  weakly  coupled 
(heavy  central  atom)  IF*'  and  XeF*  the  resulting  valence 
force  constant  range  becomes  so  narrow  that  it  might  not 
include  any  more  the  GVFF  values.  The  condition  Fji  = 

*/i  lFw(max)  -F67(min)l  has  been  suggested17  by 
Sawodny  as  a conservative  empirical  upper  limit  for  weakly 
coupled  systems  and  was  used  to  determine  the  uncer- 
tainties in  the  valence  force  constants  of  BrF*~,  IF*',  and 
XeF*  listed  in  Table  III.  These  relatively  small  uncer- 
tainties suggest  that  the  given  values  are  good  approxima- 
tions of  the  GVFF. 

For  most  of  the  square-planar  species  of  Table  111,  in- 
cluding IF*',  v-,  has  not  been  observed.  Consequently, 
force  fields  were  also  computed  assuming  minimum  and 
maximum  values  covering  the  most  likely  range  for  v7. 

The  resuits  shown  in  Table  III  demonstrate  that  the  values 
of  /r./rr.  and  frr'  are  very  little  influenced  by  changing  the 
value  of  i>7.  Comparison  of  the  uncertainty  limits  of  IF*' 
with  those  of  BrF*'  and  C1F*'  show  that  these  increase,  as 
expected,  with  increasing  coupling,  i.e.,  decreasing  mass  of 
the  central  atom. 

Analysis  of  the  results  given  in  Table  III  allows  the  fol- 
lowing conclusions,  (i)  The  series  C1F*',  BrF*',  IF*'  shows 
the  expected  smooth  trends.  Whereas,  the  value  of  the 
stretching  force  constant,  jf,  remains  almost  constant,  the 
deformation  force  constants  markedly  decrease  with  in- 
creasing size  of  the  central  atom,  (ii)  The  relatively  low 
values  of fr  in  all  three  ions  indicate  strong  ionic  contribu- 
tions to  the  halogen-fluorine  bonds.  The  values  are  about 

(14)  W.  Sawodny,  J.  Mol.  Sptctrotc.,  30,  56  (1969). 

(15)  M.  Pfeiffer,  /.  MoL  Spcctrotc.,  31,  181  (1969). 

(16)  S.  N.  Thakur  and  S.  N.  Rai ,J.  Mol.  Struct.,  $,  330(1970). 

(17)  W.  Sawodny,  private  communication. 


Karl  0.  Christe  and  Dieter  Neumann 

half  of  those  obtained  for  mainly  covalent  single  bonds  and 
may  be  interpreted  in  terms  of  semiionic  three-center  four- 
electron  p-a  bonds.4,6  (iii)  The  value  of  the  stretch- 
stretch  interaction  constant,  f„,  decreases  from  C1F*~  to  IF*'. 
It  reflects  decreasing  repulsion  between  the  right  angular 
fluorine  ligands  with  increasing  radius  of  the  central  atom. 

(iv)  The  surprisingly  large  positive  values  of  the  collinear 
F-X-F  stretch-stretch  interaction  constant,  f„<,  can  he  ex- 
plained by  the  following  orbital-following  model.  Stretch- 
ing of  one  X-F  bond  will  tend  to  make  the  remaining  XFj 
part  to  partially  adopt  the  structure  of  the  XF3  molecule 
which  is  known  to  have  one  short  equatorial  and  two  long 
axial  X-F  bonds.  Hence,  the  stretching  of  Oiic  X-F  bond 
should  cause  a bond  shortening  of  the  collinear  X-F  bond 
as  depicted  by  the  mesomcric  structures 


F 


The  increase  in  the  frr'  value  from  C1F*"  to  IF*'  can  be  ex- 
plained by  the  increasing  ease  with  which  the  two  free 
valence  electron  pairs  of  the  central  halogen  atom  can  fol- 
low the  stretching  of  the  X-F  bond.  The  fact  that  XeF* 
has  a considerably  smaller)^  value  than  IF*'  might  be  due 
to  the  lower  polarity  of  the  X-F  bond  in  XeF*  as  is  also 
indicated  by  its  higher  fr  value  (3.02  mdyn/A). 

In  summary,  the  observed  vibrational  spectrum  and  force 
constant  analysis  strongly  support  a square-planar  struc- 
ture of  symmetry  DAh  for  IF*'.  These  results  confirm  the 
suggestion®  that  the  previously  reported3  Raman  spectrum 
was  not  due  to  IF*'  but  due  to  IF*'. 

Registry  No.  CsIF*,  36245-63-3;  Cs3IF6,  28223-33-8. 
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Fluorine-19  nuclear  magnetic  resonance  spectra  are  reported  for  HF  solutions  of  C1F,*,  C1F/,  C1F,*,  C10,Fj*.  and 
ClFjO*  and  for  NF,  O*  salts.  Several  exchange  processes  between  the  cations  and  anions  and  the  solvent  were  observed, 
depending  on  the  temperature  and  the  acidity  of  the  solvent.  The  acidity  of  the  HF  solvent  was  varied  by  the  addition 
of  AsF, . It  is  shown  that  C1F„*  is  octahedral  and  splitting  owing  to  both  “Cl-F  and  J'C1-F  spin-spin  coupling  has  been 
observed  for  the  first  time.  The  spectrum  of  C1F,*  is  analogous  to  that  of  SF4 , indicating  similar  structures  for  these  two 
isoelectronic  species.  For  each  of  the  remaining  chlorine  fluoride  cations,  only  one  signal  was  observed,  indicating  the 
presence  of  equivalent  fluorine  ligands  with  chlorine  quadrupole  relaxation  preempting  the  observation  of  C1F  spin-spin 
coupling.  Contrary  to  previous  reports,  NF,0*  shows  a triplet  of  equal  intensity  and  line  width.  Chemical  shifts  are 
given  for  C1F  and  FCIO,  in  the  liquid  phase. 


Introduction 

Halogen  fluorides  are  known1  to  form  adducts  with  nu- 
merous Lewis  acids.  It  has  been  shown  by  vibrational  spec- 
troscopy and  in  some  instances  by  X-ray  diffraction  studies 
that  these  adducts  are  predominantly  ionic  in  the  solid 
state.1  Raman  spectra  of  HF  solutions  have  been  reported 
only  for  IF6*AsF6"  1 and  ClFjO*  salts.1’4  Except  for  a re- 
cently published  note  on  the  ,VF  nmr  spectrum  of  1F6*AsF4‘ 
in  HF  solution,5  no  high-resolution  nmr  data  have  been  re- 
ported for  halogen  fluoride  adducts.  This  lack  of  nmr  data 
is  due  to  rapid  chemical  exchange  between  most  of  these 
cations  and  the  HF  solvent6  even  at  low  temperatures.  This 
chemical  exchange,  however,  can  be  suppressed  by  acidifica- 
tion of  the  HF  solvent  as  was  recently  reported  for  SF3* 
salts1  and  IF/AsF*".5  In  this  paper,  we  report  the  results 
of  our  ,9F  nmr  study  on  chlorine  fluoride  cations. 

Experimental  Section 

The  preparation  and  characterization  of  OF/PtF,",*  CIF/Sb- 
F.V  C1F, O* AsF,*,1®  ClFjO*PtF,*," . NF.CTAsF.-,"  and  CIF,- 
CVPtF.*  " have  previously  been  described.  The  adducts  between 
C1F,  and  BF, , AsFj . or  SbF,  were  freshly  piepared  using  a Monel 
Teflon-FEP  vacuum  system.  The  material  balances  observed  for 
the  C1F,*  adducts  deviated  by  less  than  0.5%  from  those  calculated 
for  1 : 1 adducts.  The  purification  and  handling  of  HF  has  previous- 
ly been  described.’’4  Chloryl  fluoride  and  C1F  were  prepared  from 
KQO,  and  OF,  and  from  Cl,  + OF, , respectively.  Chlorine  tri- 
fluoride (The  Matheaon  Co.)  and  AsF,  (Ozark  Mahoning  Co.)  were 
purified  by  fractional  condensation  prior  to  their  use. 

Teflon-FEP  tubes  (7, -in.  i.d.,  0.015-in.  wall  thickness)  were 
used  as  sample  containers.  The  stable  solids  were  transferred  into 
the  passivated  (with  aF, ) tubes  in  the  dry  N,  atmosphere  of  a 
glove  box.  Their  amount  was  determined  by  weighing  and  vol- 
umetrically  measured  amounts  of  AsF,  «nd  HF  were  added  at  -196° 
on  the  vacuum  line.  The  tubes  were  closed  by  Hoke  valves  during 
the  transfers  and  were  heat-sealed  under  vacuum.  The  loaded 

(t)  For  a recent  review  on  interhalogen  cations,  see  R.  J. 
Gillespie  end  M.  J.  Morton,  Quart.  Rev.,  Cham.  Soc. , 2S,  S33  (1971). 

(2)  K.  O.  C isle,  Inorg.  Chem.,  9,  2801  (1970). 

(3)  R.  Bou  l,  J.  Isabey,  and  P.  Plurien,  C.  R.  Acad.  ScL,  Ser. 

C,  273,415  (197  »)■ 

(4)  K.  O.  Chrlate.  E.  C.  Curtis,  and  C.  J.  Schack,  Inorj.  Chem., 

1 1,  2212  (1972). 

(5)  M.  Brownstein  and  H.  Selig,  Inorg.  Chem i,  1 1,  656  (1972). 

(6)  K.  O.  Chrlate  and  A.  E.  PavUth.  Z.  Anorg.  AUg.  Chem. , 

335  , 210  (1965). 

(7)  M.  Azeem,  M.  Brownstein,  and  R.  J.  Gillespie,  Can.  J. 

Chem. , 47,4159  (1969). 

(8)  K.  O.  Chriate,  Inorg.  NucL  Chem.  Lett.,  8,  741  (1972). 

(9)  K.  O.  Chrlate  and  D.  Pilipov-ch,  Inorg . Chem,,  8,  391  (1969). 

(10)  K.  O.  Chriate,  C.  J.  Schack,  and  D.  PUlpovkh,  Inorg. 

Chem.,  11,2205  (1972). 

(11)  C.  J.  Schack,  C.  B.  Lindahl,  D.  PUlpovkh,  and  K.  O. 

Chriate,  Inorg.  Chem.,  11,  2201  (1972). 

(12)  K.  O.  Chrlate  and  W.  Maya,  Inorg.  Chem.,  8,  1253  (1969). 

(13)  K.  O.  Chriate,  Inorg.  Sucl.  Chem.  Lett.,  8,  453  (1972). 


Teflon  tubes  were  inserted  info  standard  glass  nmr  tubes  and  CFO, 
was  added  as  an  external  standard. 

The  **F  nmr  spectra  were  recorded  at  56.4  MHZ  on  a Varian 
high-resoludon  nmr  spectrometer  equipped  with  a variable-tempera- 
ture probe.  Chemical  shifts  were  determined  by  the  side-band 
technique  with  an  accuracy  of  s 1 ppm. 

Results  and  Discussion 

The  observed  19F  nmr  chemical  shifts  are  given  in  Table  I. 
Figure  1 shows  the  difference  in  temperature  dependence 
between  an  acidified  and  nonacidified  HF  solution.  Fig- 
ure 2 shows  the  multipiet  structures  of  several  of  the  reso- 
nances. The  following  compounds  were  studied  in  both  HF 
and  HF-AsF5  as  a solvent:  C1F2*BF4',  C1F2* AsF* , ClF2*Sb- 
F6-,  C1Fs  • 1 ,36SbFs , ClF6+PtF6-,  C1F20*  AsFf , ClF20*PtFt', 
ClFj02+PtF(f , and  NF20+  AsF6'.  For  the  C1F2+  and  C1F?0+ 
salts,  acidification  of  the  HF  solvent  with  AsF*  was  required 
to  observe  the  resonance  lines  due  to  the  cations.  This 
acidification,  however,  causes  rapid  exchange  between  the 
anion  and  HF,  thus  resulting  in  a single  line  for  the  anion, 
HF,  and  AsF5 . Without  AsF5  addition,  the  anion  reso- 
nances can  be  observed  as  separate  lines,  but  only  a single 
line  is  observed  for  the  cation  and  HF.  The  fact  that  one 
of  the  iincs  contains,  in  addition  to  HF,  the  resonance  due 
to  either  the  anion  or  cation  was  substantiated  by  peak  area 
measurements  on  samples  of  known  composition,  such  as 
C1F20+AsF6~  (see  footnote  k of  Table  I),  the  observed 
chemical  shifts,  and  their  temperature  dependence.  The 
solubility  of  the  salt  in  HF  decreases  with  decreasing  tem- 
perature. Hence,  cooling  of  the  sample  results  in  a pro- 
nounced chemical  shift  for  the  line  due  to  HF  and  the  ion 
exchanging  with  it,  but  not  for  that  of  the  nonexchanging 
counterion.  A similar  dependence  of  the  exchange  mech- 
anism on  the  acidity  of  the  solvent  has  previously  been  ob- 
served by  Azeem  and  coworkers  for  SF3+  salts.7  By  anal- 
ogy with  the  SFj*  compounds,  the  rapid  exchange  between 
C1F2+  and  HF  in  nonacidified  HF  might  be  explained  by 
C1F2*  + HF2-  ClFj  + HF.  The  addition  of  AsFs  sup- 
presses the  HF2~  formation  and,  hence,  the  exchange  be- 
tween C1F2*  and  HF,  but  enhances  the  exchange  between 
AsF»"  and  HF  according  to  AsF6"  + H2F*  at  AsF5  + 2HF. 
For  the  HF  dilutions  of  C1F2+BF4",  ClF2*SbF4',  ClF4*SbF6', 
and  HF-CIFj  mixtures,  Raman  spectra  were  also  recorded. 
For  the  C1F2*  and  C1F4+  salts,  all  bands  expected  for  the 
individual  ions  were  observed.  Their  frequencies  deviated 
by  less  than  10  cm-1  from  those  observed  for  the  solid 
adducts  but  showed  no  splitting  of  bands  or  violations  of  the 
symmetry  rules.  This  suggests  that  in  both  the  solid  state 
and  HF  solution,  the  same  discrete  ions  are  present  and 
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Table  I.  **F  Nmr  Spectral  Data  of  Chlorine  Fluoride  Adducts  in  HF  and  HF-AsF,  Solutions 

Simple  compn  (mole  ratio) 

Temp,  °C 

6,  ppm  (CFC1,  ext  ref) 

Assignment 

Notes 

HF 

15 

199.6 

HF 

a 

-65 

194.8 

HF 

a 

HF,  AsF,  (20:1) 

15 

189 

HF,  AsF, 

a 

-65 

186 

HF,  AsF, 

a 

HF,  AsF,  (4:1) 

15 

134 

HF,  AsF, 

a 

-65 

129 

HF,  AsF, 

a 

QF,*AsF, ",  HF 

-10 

167 

HF,  CIF,* 

b 

64 

AsF4  ~ 

b 

GF,*AsF,\  HF,  AsF,  (14:300:1) 

40 

152 

HF,CIF,‘AslV,  AsF, 

c 

-15 

181 

HF,  AsF,, OF,* 

d 

67 

AsF," 

d 

-75 

195 

HF,  AsF, 

a 

ClF,*AsF." , HF.  AsF,  (21 :300:6) 

10.-40 

171,  185 

HF,  AsF,,  AsF," 

b 

23, • • • 
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° Sharp  singlet.  b See  Figure  1.  e Broad  singlet.  d Very  broad  singlet.  • Broad  singlet  becoming  narrower  with  decreasing  temperature. 
f Very,  very  broad  line.  > See  Figure  2.  h Two  sett  of  quadruplets  of  equal  intensity  with  /»cir  “ 337  and  -f»»ci7  “ 281  t 2 Hz.  1 Weak 
triplet  with  1:4:1  peak  area  ratio  and  /i»ptp  “ 2090  t 10  Hz.  J Poorly  resolved  quadruplet  of  about  equal  intensity  with  ot  shout  900 

Hz.  k Peek  area  measurements  at  20°  resulted  foi  C1F,  0*:HF,  AsF,,  AsF,"  in  a ratio  of  10:139  (calcd  10:133).  1 Slurp  triplet  of  oqual  in- 
tensity with  Jur  of  250  Hz. 


that  the  additional  splittings  and  symmetry  rule  violations 
observed  for  the  solids  are  due  to  lowering  of  the  site  sym- 
metry or  slight  distortion  of  the  ions.  If  these  additional 
splittings  and  symmetry  rule  violations  were  indicative  of 
strong  covalent  fluorine  bridges,  one  should  observe  more 


pronounced  frequency  shifts  when  comparing  the  spectra 
of  the  solids  with  those  of  the  HF  solutions.  Furthermore, 
it  demonstrates  the  difference  in  time  scale  between  nmr 
and  vibrational  spectroscopy  for  chemical  exchange  reac- 
tions. Whereas,  the  exchange  rate  between  HF  and  ClFj+ 
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C<F2*  A»Fj*  in  HF 


C«Fj*  A»F4* 
IN  HF-A»F? 
(21000*6) 


IN- 


23  171 


-20*  M 


figure  1.  Temperature  dependence  of  the  *’F  nmr  spectra  of 
GF,*AsFt"  in  HF  and  HF-AsF,  solution.  Chemical  shifts  and  tem- 
peratures are  given  in  ppm  from  external  CFCl,  and  °C,  respectively. 


teristic  ClFj*  lines15  • 16  indicates  that  C1F3  in  HF  is  not  ion- 
ized according  to  C1F3  + HF  -*•  C1F2+  + HFj~.  However, 
this  type  of  ionization  has  recently  been  demonstrated3 
for  the  structurally  related  C1F30  molecule  in  HF  solution. 

In  the  following  paragraphs,  the  individual  compounds 
will  be  discussed  in  more  detail. 

CIFj+  Salts.  Figure  1 demonstrates  how  acidification  of 
the  solvent  and  temperature  variation  influence  the  spec- 
trum. Without  acidification,  only  one  broad  line  is  ob- 
served above  40°  due  to  rapid  exchange  between  all  three 
species,  HF,  C1F/,  and  AsF6~.  At  30°,  separation  into  two 
peaks  is  noticeable.  The  chemical  shift  of  one  of  the  peaks 
(64  ppm)  changes  very  little  on  further  cooling,  which 
suggests  that  the  peak  is  due  to  AsF6". 17,18  The  chemical 
shift  of  the  second  peak  steadily  increases  with  decreasing 
temperatures  and  approaches  at  -60°  that  of  pure  HF. 
Evidently,  this  peak  is  due  to  rapidly  exchanging  C1F2+  and 
HF.  The  steady  increase  of  the  shift  is  caused  by  the  de- 
creasing solubility  of  C1F2”AsF6“  in  HF  with  decreasing 
temperature  as  can  also  be  seen  from  the  decreasing  relative 
intensity  of  the  64-ppm  signal. 

Solutions  acidified  with  AsF5  also  show  two  peaks.  The 
low-field  resonance  exhibits  an  almost  temperature-indepen- 
dent shift  of  23  ppm  and  is  assigned  to  C1F2+.  Above  30°, 
the  line  is  extremely  broad,  while  below  20°  it  is  a sharp 
singlet  which  decreases  in  relative  intensity  with  decreasing 
temperature  owing  to  increasing  precipitation  of  C1F2+  AsF*". 
The  high-field  resonance  is  due  to  rapidly  exchanging  HF, 
AsF5 , and  AsF6".  Its  chemical  shift  increases  with  decreas- 
ing temperature  until  essentially  all  of  the  AsF6*  has  precip- 
itated. It  then  remains  constant  and  corresponds  to  that 
expected  for  a HF-AsF5  mixture. 

Samples  were  studied  containing  different  amounts  of 
AsFs  to  determine  how  much  AsF5  was  required  to  observe 
a separate  line  for  C1F2+.  When  the  HF  contained  0.33 
mole  % AsF5  , no  separate  C1F2+  signal  could  be  observed; 


37  C»F  , ”C.F| 

Ursi-j  U-  337-H 


•391  pp* 


-274  -256 


2090— —j 


Figure  2.  **F  nmr  spectra  of  sevsral  selected  ions. 


— 250  HI 


is  fast  enough  to  prevent  observation  of  separate  nmr  signals, 
it  is  too  slow  to  cause  a collapse  of  the  Raman  lines.  The 
Raman  spectra  of  the  HF-C1F3  mixtures  exhibited  only  the 
bands  characteristic  of  C1F3 ,14  The  absence  of  the  charac- 

(14)  H.  Selig,  ' H.  Clausen,  and  J.  H.  Holloway,  J.  Cham. 
Ptiys..  52,  3S17  (1970). 


(15)  X,  O.  Christe  tnd  W.  Stwodny,  Inorj.  Chem.,  6,  313 
(1967). 

(16)  R.  J.  Gillespie  end  M.  J.  Morton,  Inorg.  Chtm.,  9,  616 
(1970). 

(17)  E.  L.  Muetterties  end  W.  D.  Phillips,  J.  Amir , Chtm.  Soc., 
81,  1084  (1959);  J.  Becon.  R.  J.  Gillespie,  end  J.  W.  Quell,  Can.  J, 
Chtm.,  41,  1016  (1963). 

(18)  K.  O.  Christe,  I.  P.  Guertin,  A.  E.  Pavlath,  and  W.  Sawodny, 
Inorx-  Chtm.,  6.  533  (1967). 
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however,  addition  of  2 mole  % produced  a separate  C1F2* 
line.  Hence,  the  observation  of  a separate  C1F2+  line  cannot 
be  caused  by  the  formation  of  a stoichiometric  adduct  be- 
tween AsFs  and  ClFj*  AsF6~  or  HF. 

The  spectra  observed  for  CiF2+SbF4‘  in  HF  and  HF-AsF5 
solution  are  similar  to  those  of  the  AsF6"  salt.  One  differ- 
ence was  the  observation  of  a broad  signal  for  the  HF-AsFs 
solution  at  about  120  ppm  which  is  assigned  to  SbF4-.7 
Another  effect  was  observed  for  the  latter  solution.  With 
decreasing  temperature,  the  solubility  of  ClF2+SbF4“  de- 
creased as  expected,  and  below  -30°  the  signals  attributable 
to  C1F2*  and  SbF4"  had  essentially  disappeared.  Further 
cooling  to  70°,  however,  caused  the  HF  solvent  peak  to 
become  somewhat  narrower  and  produced  a new  broad 
peak  at  127  ppm.  The  intensity  of  the  latter  did  not  de- 
crease with  decreasing  temperature.  Based  on  its  chemical 
shift,  the  temperature  dependence  of  its  intensity,  and  its 
absence  in  pure  HF-AsF$ , it  is  tentatively  assigned  to  HF 
bonded  to  the  surface  of  the  precipitated  ClF2+SbF6“  salt 
by  strong  hydrogen  bridges. 

For  C1F2+BF4”  in  HF,  only  a single  line  was  observed  at 
162  ppm  between  20  and  -60°.  This  lack  of  splitting  into 
individual  peaks  might  be  explained  by  the  low  thermal  sta- 
bility of  C1F2+BF4_  (1  atm  dissociation  pressure  at  9°) 151 
thus  providing  a ready  anion-cation  exchange  mechanism, 
according  to  C1F2*BF4"  & C1F3  + BF3. 

The  observation  of  a sharp  singlet  for  C1F2+  in  its  AsF4' 
and  SbF<f  salts  is  in  excellent  agreement  with  the  bent 
structure  of  symmetry  C2„ 


derived  for  this  cation  from  single-crystal  X-ray  diffraction 
studies20,11  and  from  vibrational  spectroscopy.15’16  In 
CIF2*,  both  fluorine  ligands  should  be  equivalent  and  chlorine 
quadrupole  relaxation  should  preempt  the  observation  of 
Cl-F  spin-spin  coupling.  The  change  in  chemical  shift 
between  C1F3  and  C1F2*  of  +83  ppm  is  in  the  same  direction 
as  those  observed  for  IF7  and  IF*V  SF4  and  SF3V  SF40 
and  SF30\22  and  NF30  and  NF20*,23  though  it  is  difficult 
to  rationalize  why  cation  formation  does  not  generally  result 
in  increasing  deshielding  of  the  fluorine  ligands. 

The  C1F4+  Cation-  The  C1FS  • 1 .36SbFs  adduct  exhibits  a 
broad  resonance  at  -265  ppm  in  both  HF  and  MF-AsF5 
mixtures  at  temper*'  .res  between  0 and  -30°.  Based  on 
its  chemical  shift,  it  can  be  ascribed  to  a chlorine  fluoride 
species  containing  chlorine  in  a high  oxidation  state.  At 
lower  temperatures,  the  solubility  of  ClFj  -1.36SbF5  in  HF 
becomes  very  low.  In  HF-AsFj , however,  the  solubility  is 
sufficiently  highvto  allow  the  observation  of  this  signal  in 
the  range  -70  to  -80°.  Below  -70°,  the  -265-ppm  reso- 
nance separates  into  a doublet  of  equal  intensity  with 
chemical  shifts  of  -274  and  -256  ppm  (see  Figure  2).  This 
low-temperature  splitting  is  analogous  to  that  observed17  by 
Muetterties  and  Phillips  for  isoelectronic  SF4 . It  strongly 
indicates  the  presence  of  a C1F4+  cation  containing  two  pairs 

(19)  H.  Selig  and  J.  Shsmir,  inorg.  Chtm.,  3,  294  (1964). 

(20)  A.  J.  Edward!  and  R.  J.  C.  Sills,  J.  Chtm.  Soc.  A,  2697 
(1970). 

(21)  H.  Lynton  *nj  J.  Pasamoce,  Can.  J.  Chtm.,  49,  2S39 
(1971). 

(22)  M.  Brownstein,  P,  A.  W.  Dean,  and  R.  J.  Oillatpia,  Chtm. 
Common.,  9 (1970). 

(73)  C.  A.  Wanner,  W.  B.  Fox,  B.  Sukornlck,  3.  R.  Holmes,  R. 

EL  Stewart,  R.  Juurlk,  N.  Vanderkooi,  and  D.  Gould,  Inorg,  Chtm., 

B,  1249  (1969). 


of  nonequivalent  fluorine  ligands.  These  could  rapidly 
exchange  at  higher  temperatures  by  either  an  intermole- 
cular17  or  an  intramolecular  pseudorotational  Berry  mech- 
anism24 to  give  a single  peak.  It  was  not  possible  (freezing 
point  of  HF)  to  lower  the  temperature  sufficiently  to  ob- 
serve the  expected17  triplet  fine  structure  of  the  two  reso- 
nances and  to  determine  the  F-F  coupling  constants.  The 
observation  of  two  pairs  of  nonequivaient  fluorine  ligands 
for  C1F4+  agrees  well  with  the  structure  of  symmetry 


suggested  on  the  basis  of  vibrational  spectra.9'25  Due  to  the 
small  difference  in  chemical  shifts  between  the  two  C1F4* 
resonances  at  -274  and  -256  ppm,  their  assignment  to  the 
axial  and  equatorial  fluorine  atoms,  respectively,  should  be 
considered  tentative.  This  assignment  is  in  line  with  the 
suggestion26  by  Muetterties  and  coworkers  that  in  trigonal- 
bipyramidal  species  the  axial  fluorine  ligands  occur  at  a 
lower  field  than  the  equatorial  ones. 

The  C1F6+  Cation.  For  salts  containing  the  C1F4+  cation, 
two  sharp  sets  of  quadruplets  of  equal  intensity  were  ob- 
served at  -39 1 ppm  in  both  HF  and  HF-AsFs  solution  (see 
Figure  2).  The  lack  of  exchange  between  CIF«*  and  HF  is 
not  surprising  since  an  equilibrium  such  as  C1F6+  + HF2“  5* 
C1F7  + HF  is  impossible  owing  to  the  nonexistence®  of 
stable  C1F7 . The  peak  area  ratio  between  the  two  sets  was 
3:1,  indicating  that  they  are  due  to  the  35 Cl  and  37C1  iso- 
topes, having  a natural  abundance  of  75.4  and  24.6%,  respec- 
tively. The  splitting  of  the  signals  into  quadruplets  of 
equal  intensity  can  be  explained  by  spin-spin  coupling 
between  Cl  (/  *>  3/2 ) and  F.  This  Cl-F  spin-spin  coupling, 
however,  is  usually  not  observed  for  chlorine  fluorides  due 
to  rapid  relaxation  caused  by  interaction  of  the  chlorine 
quadrupole  moment  with  an  unsymmetric  electric  field 
gradient.  Consequently,  the  observation  of  well  resolved 
Cl-F  spin-spin  coupling  for  C1F4*  is  strongly  indicative  of  a 
spherically  symmetric  electric  field  about  the  Cl  nucleus. 


This  confirms  that  indeed  C1F4+  has  symmetry  Of,  as  suggest- 
ed on  the  basis  of  its  vibrational  spectrum.®  Previously, 
only  one  case  of  a partia’ly  resolved  Cl-F  spin-spin  coupl- 
ing was  observed  for  FC10327,2*  which  has  an  almost 
spherically  symmetric  electric  field.  For  FC!03,./jtcljr  was 

(24)  R.  S.  Berry,  /.  Chtm.  Phyt.,  32,  933  (1960); Rtv.  Mod. 
Phyt.,  32,  447  (1960). 

(25)  K.  O.  Chriite,  E.  C.  Curtis,  D.  Philipovich,  C.  J.  Schick, 
and  W.  Sawodny,  Pipir  B4,  6th  International  Symposium  on 
Ftourine  Chemistry,  Durham,  England,  July  1971;  K.  O.  Christs  and 
W.  Sawodny,  to  be  submitted  for  publication. 

(26)  E.  L.  Muetterties,  W.  Mahler,  K.  1.  Packer,  and  R. 

Schnu  txler,  Inorg.  Chtm.,  3,  1296(1964). 

(27)  S.  Brownstein,  Can.  J.  Chtm.,  36, 1S97  (1960). 

(26)  J.  Bacon,  R.  J.  Gillespie,  and  J.  W.  Quail,  Cut.  J.  Chtm., 

41,  3063  (1963). 
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estimated  to  be  3 10a?  or  289  Hz38,  but  an  estimate  of  J new 
was  preempted  by  large  line  widths.  For  C1F 6>J“ar  and 
Jnaf  are  337  and  281  ± 2 Vi,  respectively.  The  observed 
ratio  of/uctFi/i’ciF  = 1199  is  in  excellent  agreement  with 
the  value  of  1.202  calculated  from  the  ratio  of  the  magnetic 
moments  of  the  two  chlorine  isotopes.39  The  observed  full 
line  width  at  half-height  is  only  1 S Hz  for  CIF/,  compared 
to  about  430  Hz  for  FC103  37  This  indicates  that  the 
electric  field  about  the  Cl  nucleus  in  OF / is,  as  expected, 
much  more  spherical  than  that  in  FC103 . In  addition,  the 
center  of  the  37C1F/  resonance  is  shifted  by  0. 1 5 ± 0.02  ppm 
upfield  from  that  of  35C1F/.  This  shift  may  be  explained” 
by  the  difference  in  the  vibration?!  amplitudes  of  the  two  Cl 
isotopes.  The  heavier  isotope  has  a smaller  vibrational 
amplitude  causing  the  electrons  of  the  fluorine  atom  to  be 
less  polarized  and  resulting  in  increased  19F  shielding.  A 
similar  change  in  chemical  shift  (O.OS3  ppm)  in  the  same 
direction  has  been  observed31  for  the  isoelectronic  33SF6 
and  34  SF*  isotopes.  The  fact  that  the  isotopic  shift  for 
C1F/  is  several  times  larger  than  that  for  SF6  is  in  line  with 
tire  observed  large  increase31  from  SiF63~  toward  SF6. 

In  addition  to  the  solvent  lines,  a weak  resonance  was 
observed  in  acidified  HF  at  320  ppm.  This  signal  consists 
of  a triplet  showing  a 1:4:1  peak  area  ratio  and  a coupling 
constant  of  2090  ± 10  Hz  (see  Figure  2).  These  observa- 
tions suggest  that  the  resonance  is  due  to  a platinum  species. 
Of  the  naturally  occurring  platinum  isotopes,  only  19SPt 
(abundance  33.7%)  has  a nuclear  spin  (/  = */»)•  Spin-spin 
coupling  between  F and  195 Pt  would  result  in  two  satellites, 
each  with  p ak  areas  equal  to  one-fourth  of  that  of  the  cen- 
tral peak.  Assignment  of  the  320-ppm  signal  to  PtF/  is  un- 
likely for  the  following  reasons:  (1 ) its  peak  area  is  much 
too  small  when  compared  to  those  of  the  counterions,  (2)  no 
signal  was  observed  in  this  range  for  other  PtF/  salts,  and 
(3)  PtF/  is  paramagnetic33  and  a large  anisotropic  down- 
field  shift  might  be  expected  similar  to  that  observed  for 
PtF6  (-  5550  and  -3000  ppm).33  Since  PtF43~  is  the  only 
diamagnetic  tetravalent  or  higher  valent  platinum  fluoride, 
we  tentatively  assign  the  320-ppm  signal  to  this  anion. 

The  ClFjO+  Cation.  The  19F  nmr  spectra  of  both  ClFjO*- 
AsF/  and  ClFjO*PtF/  show  a sharp  singlet  at  about  -273 
ppm,  which  is  assigned  to  C1F20*.  This  indicates  two 
equivalent  fluorine  atoms  for  CIFjO*  in  good  agreement 
with  the  structure  of  symmetry  C,  proposed3,4  on  the 

r ••  ~ 1+ 

I 
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basis  of  vibrational  spectra.  The  remaining  features  of  the 
spectra  are  analogous  to  those  discussed  above  for  ClFa*  and 
CIF*4  salts  and,  hence,  are  not  reiterated. 

The  C!FaOa*  Cation.  A sample  containing  about  1 0 
mole  % of  ClFjO/PtF/  showed  a broad,  weak  singlet  at 

(39)  ).  A.  Popls,  W.  G.  Schnaidtr,  and  H.  i.  Bernstein,  “Hi|h 
Raaolution  Nuclear  Magnetic  Resonance,"  McGraw-Hill,  New  York, 
N.  Y.,  19S9,  p 181. 

(30)  i,  W.  EmeUy,  J.  Feeney,  and  L.  H.  Sutcliffe,  "High  Reio- 
lution  Nuclear  Magnetic  Resonance  Spectroscopy,' ” Perga  mo  n Press, 
Oxford,  England,  1984,  Vol.  3,  p STS. 

(31)  R.  i.  Gillespie  and  1.  W.  Quail,  J.  Chtm.  Phy*.,  39,  3SSS 
(1963). 

(33)  N.  Bartlett  and  S.  P.  Beaton,  Chtm.  Common. , 167 
(1966). 

(33)  R.  Blinc,  E.  Pirkmajer,  J.  Sllvnlk,  and  1.  Zupandc,  J.  Chtm. 
Phyi , 45 . 1488  (1966). 


Table  11.  Summary  of  "Nmr  Shifts  and  Coupling  Constants  of 
Liquid  Chlorine  Fluorides  and  Oxyfluorides  and  of  Their 
Cations  in  HF  Solution 


Co.npd 

T'mp, 

•c 

Chem  shift,  ppm 
(from  ext  CFO.) 

Coupling  constant, 
Hz 

Ref 

CIF 

-80 

419.4 

a 

CDVF) 

-60 

-114.3,-121.8, 

Jgg * 421 

Q-C 

QF,(F) 

CiF,(F) 

doublet 
-15.0, -7.7, 
-0.4,  triplet 
-247,  doublet 

Jvr  - 130 

d 

CIF  ,(F> 
C1F,0 

10 

-412,  quintet 
-262 

e 

FCIO, 

-80 

-315 

a 

FCIO, 

-287,  quartet 

y>«cir  “ 289 

f 

CIF,* 

10 

23 

a 

ClF.fF,)* 

-80 

-256 

« 

CIF.tF,)* 

-80 

-274 

a 

CIF,* 

40 

-388,  quartet 

■/»«cif  “ 337, 

a 

C1F,0* 

20 

-272 

*28i 

a 

CIF.O,* 

?0 

-310 

0 

° Data  from  this  study.  b In  addition  to  the  first-order  splitting, 
the  -1 14.3,  -1 21.8,  and  -7.7-ppm  resonances  show  second-order 
splitting.  c Reference  36.  d D.  Pilipovich,  W.  Maya,  E.  A.  Lawton, 
H.  F.  Bauer,  D.  F.  Sheehan,  N.  N.  Ogimachi,  R.  D.  Wilson,  F.  C. 
Gunderloy,  Jr.,  V.  E.  Bedwell, lnorg.  Chtm.,  6,  1918  (1967).  • D. 
Pilipovich,  C.  B.  Lindahl.  C.  J.  Schack,  R.  D.  Wilson,  and  K.  O. 
Christe,  lnorg.  Chtm. , 1 1,  2189  (1972).  t Reference  28;  H. 
Agahigian,  A.  P.  Gray,  and  G.  D.  Vickers,  Can.  J.  Chtm. , 40,  157 
(1962). 


-310  ppm.  Since  it  cannot  be  attributed  to  any  known 
chlorine  fluoride  species,  it  is  tentatively  assigned  to  ClFa  • 
O/.33*  Its  chemical  shift  and  lack  of  splitting  are  consistent 
with  the  structure  of  symmetry  Qu  as  indicated  by  its  vibra- 
tional spectrum.13 


°v  ,0 

\// 

XL 


The  NFjO*  Cation.  The  ,9F  nmr  spectrum  of  NFa04 
has  previously  been  reported33  to  consist  of  a partially  re- 
solved 4:5:4  triplet  at  -331  ppm  with  yN r = 250  Hz  and 
the  outer  members  of  the  triplet  being  broader  than  the  cen- 
tral member.  As  can  be  seen  from  Figure  2,  acidification 
with  AsFj  of  an  HF  solution  of  NFaO+ AsF/  results  in  a 
well-resolved  triplet  of  equal  intensity  and  bandwidth  as  ex- 
pected for  NFjO4.  Whereas  the  previously  reported33  peak 
area  ratio  and  relative  line  width  are  not  confirmed,  the 
observed  chemical  shifts  and  coupling  constants  are  in 
excellent  agreement. 

Summary 

Table  II  summarizes  all  presently  known  19F  nmr  spectra 
of  chlorine  fluorides  and  oxyfluorides  and  of  their  cations. 
As  can  be  seen,  data  are  now  available  for  all  compounds 
except  for  the  very  recently  discovered34  oxy fluoride  ClFj- 
Oj  **  and  the  CiaF4  cation.35  We  have  redetermined  the 
chemical  shifts  of  CIF  and  FC10a  in  the  liquid  phase  since 
only  measurements  on  the  gas  have  previously  been  report- 

fate)  Not*  Added  In  Proof.  The  aaaignmant  of  the  -3jiO-ppw 
signal  to  CIF,0/  h»»  In  the  meanwhile  been  confirmed  for  CIF,0/- 
BF,~  and  ClF,0/AeF,~  (K.  O.  Christe  and  E.  C.  Curtis),  to  be  pub- 
lished. 

(34)  K.  O.  Christe,  lnorg.  NuH.  Chtm.  Lilt.,  8, 457  (1973). 

(34e)  Note  Added  in  Proof.  CIFtO,  ehowa  e second-order 

splitting  AB.  pettem  centered  et  -41 3 ppm  with  Jgr  » 443  Ha  and 
//vs6  = 1.0  (K.  O.  Christe  and  R.  O.  Wilton),  to  be  pubiithed. 

(35)  K.  O.  Christe  and  W.  Sawodny, lnorg.  Chtm.,  t,  313 
(1969). 
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ed.3*  In  addition,  we  liave  redetermined  the  chemical 
shifts  for  liquid  ClFj  since  there  is  some  confusion  in  the 
literature17'”'3*  concerning  its  exact  values.  Most  of  the 
data  of  Table  II  can  be  qualitatively  rationalized  by  assum- 
ing increasing  deshielding  of  the  fluorine  ligands  with  increas- 
ing oxidation  state  of  the  chlorine  central  atom  (see  trends 
for  C1F-C1Fj-C1Fs  , ClFa*-ClF/-ClF<+,  or  ClFaO+-ClFsOa+). 
The  effect  of  oxygen  substitution  is  more  difficult  to  under- 
stand. For  example,  the  fluorine  in  FC10a  is  more  deshield- 
cd  than  that  in  FClOj . Alto,  the  high  shielding  of  F in  C1F 

(36)  L.  Q.  AUxakoi  and  C.  D.  CornwaU,  J.  Chtm.  Phyt,  41, 
3098  (1964). 

(37)  E.  W.  Lawtaa*  and  I.  C.  Smith,  "Inorganic  High  Enarg-/ 
Oxidizart,”  Marcal  Dakkar,  Naw  York,  N.  Y..  1968,  p 30. 

(38)  C.  H.  Dungan  and  ).  R.  Van  Waiar,  “Compilation  of  Ra- 
port  ad  F”  NMR  Chamical  Shift*,"  WUay-lntericiance,  Naw  York,  N. 
Y.,  1970,  No.  819. 


and  the  increased  shielding  in  the  cations  when  compared 
to  their  parent  molecules  are  unexpected.  Clearly,  our 
present  understanding  of  the  nature  of  **F  chemical  shifts 
is  insufficient  to  rationalize  all  these  observations. 

Registry  No.  HF,  7664-39-3 ; AsF„  7784-36-3 ; ClFa*As- 
F*-,  191 54-21-3;  ClFj*SbF6“,  30669-l9-3;ClF2*BF4‘, 
36544-26-0;  ClFj,  1 3637-63-3  ;SbF„  7783-70-2;  CIF*THF*-, 
36609-91-3;  aFjO+AsF6-,  36544-27-1  iCIFjOT'tF*', 
36544-28-2;  ClFjO/PtFg’,  36609-92-4;  NFjO+AsF*-, 
25562-24-7;  GF,  7790-89-8;  FClOj,  13637-83-7;  FClOj, 
7616-94-6;  ClFa(F2)+,  36544-30-6. 
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The  CjF  SF40  adduct  has  been  prepared  and  characterized  by  infrared  and  Raman  spectroscopy.  All  eleven  fundamental 
vibrations  expected  for  a pseudooctahedral  anion  of  symmetry  C4U  have  been  observed  and  are  assigned.  A modified 
valence  force  field  has  been  computed  for  SF,0'  and  suggests  an  SO  bond  order  of  approximately  1 .5. 


Introduction 

The  existence  of  a CsFSF40  adduct  has  been  reporter'  in 
1960  by  Smith  and  Englehardt  and  in  1964  by  Ruff  and 
Lustig.  However,  no  details  were  given  regarding  its  prep- 
aration or  properties.  In  a subsequent  paper  Lustig  and 
Ruff  described3  the  synthesis  of  Cs*SFsO'  from  CsF  and 
SF40  in  CH3CN  solution.  The  ionic  formulation  of  this 
adduct  was  substantiated3  by  its  ,9F  nmr  spectrum  which 
showed  a characteristic  AB4  pattern.  The  vibrational  spec- 
trum of  this  interesting  compound  is  essentially  unknown, 
since  only  four  infrared  absorptions  were  published.3  In 
this  paper  we  wish  to  report  the  complete  vibrational  spec- 
trum of  the  SFjCT  anion  and  the  results  from  a force  con- 
stant computation. 

Experimental  Section 

Materials  aad  Apparatus.  Volatile  materials  used  in  this  work 
were  manipulated  In  a well-passivated  (with  C1FS)  stainless  steel 
vacuum  Una  equipped  with  Teflon  FEP  U traps  uid  316  stainless 
steel  bellows -seal  valves  (Hoke,  Inc.,  42S  1F4Y).  Pressures  were 
measured  with  a Hebe  Bourdon  tube-type  gauge  (0-1500  mm  1 
0. 1%).  Sulfur  oxide  tetrafluoride  wae  prepared  by  the  method*  of 
Ruff  and  Lustig  from  SF,0  and  F,  and  was  purified  by  fractional 
condensation.  Cerium  fluoride  was  (Used  in  a platinum  crucible 
and  powdered  in  a dry  box  prior  to  use.  The  purity  of  the  volatile 
starting  materials  was  determined  by  measurements  of  their  vapor 
preeeures  and  infrared  spectra.  Solid  products  were  handled  in  the 
dry  nitrogen  atmosphere  of  a glove  box. 

The  infrared  spectra  were  recorded  on  a Perkin- timer  Model 
457  spectrophotometer  in  the  range  4000-250  cm'1  with  an  ac- 
curacy of  ±2  cm"1  for  sharp  bands.  The  spectra  of  gates  were  ob- 
tained using  304  stainless  steel  cells  of  5-cm  path  length  fitted  with 
AgCi  windows.  Screw-cap  metal  cells  with  AgQ  or  AgBr  windows 
aad  Teflon  FEP  gaskets  were  used  for  obtaining  the  spectra  of  solids 
as  dry  powders  at  ambient  temperature.  The  quality  of  the  infrared 
spectra  could  be  somewhat  improved  by  pressing  two  small  singie- 
crystal  platelets  of  either  AgCl  or  AgBr  to  a disk  in  a pellet  press. 
The  powdered  sample  was  placed  between  the  platelets  before  start- 
ing the  pressing  operation. 

The  Raman  spectra  were  recorded  with  an  accuracy  of  t2  cm'1 
using  a Coherent  Radiation  Laboratories  Model  52  Ar  laser  as  a 
source  of  1.3  W of  exciting  light  at  5145  A.  The  scattered  light  was 
analyzed  with  a Spex  Model  1400  double  monochromator,  a photo- 
multiplier cooled  to  -~-25*,  and  a dc  ammeter.  Py  rex -glass  tubes 
(7-mm  o.d.)  with  a hallow  inside  (Ism  cone  for  variable  sample 
thicknesses  or  melting  point  capillaries  were  used  as  sample  con- 
tainers. For  the  conical  tubes  the  axial  vie  wing- transverse  excita- 
tion technique  and  for  the  capillaries  the  transverse  viewing- trans- 
verse excitation  techniques  were  used. 

Preparation  of  CaSF.O.  A prepasshretad  (with  C1F,)  30-ml  316 
stainloie  atari  cylinder  was  loaded  with  dry,  powdered  CsF  (9.93 
mmol).  Purified  SF„0  ( 16. 1 mmol)  was  added  to  the  cylinder  at 
- 196*.  After  warming  to  ambient  temperature  overnight,  the 
cylinder  was  heated  at  90*  fot  5 days.  Upon  recooling  to  room 
temperature,  ail  volatiles  ware  removed  in  vacuo  and  trapped  at 


* Address  correepoadaacs  to  this  author  at  Rockatdyoe. 

(1)  W.  C.  Smith  aad  V.  A.  Englriiardt,  /.  Amer.  Ckem.  Soe.,  82, 
3838(1960). 

(2)  J.  K.  Ruff  aad  M.  Lustig,  Jnorg.  Ckem .,  3,  1422  (1964). 

(3)  M.  Lustig  ind  1.  K.  Ruff,  Inorg.  Ckem.,  6,  21  IS  (1967). 


- 196*.  The  recovered  SF40  (7.32  mmol)  indicated  that  88.5%  of 
the  CsF  had  been  converted  to  CCF.O.  Confirmation  of  this  was 
obtained  by  pyrolyzing  a sample  of  the  complex  at  approximately 
250*  for  10  min  while  pumping  the  evolved  gaa  through  a trap 
cooled  to  - 196*.  The  evolved  gaa  was  identified  as  SF,0  aad  the 
amount  found  corresponded  to  an  82%  conversion  of  CaF  to 
CsSF,0.  A similar  experiment  exposing  KF  to  SF„0  at  tempera- 
tures up  to  125*  for  several  days  did  not  result  in  any  comptexiag. 

Results  and  Discussion 

Synthesis  and  Properties.  In  the  absence  of  a solvent, 
heating  was  required  to  achieve  a significant  conversion  of 
CsF  to  CsSF$0.  The  conversion  obtained  . the  present 
study  is  comparable  to  that  of  76%  pre  iy  achieved3  by 
the  use  of  CH3CN  as  a solvent.  Th  revernoility  of  the  for- 
mation reaction  was  demonstrated , pyrolysis  experi- 
ment which  resulted  in  SF«0  as  the  only  volatile  product. 
CsSFjO  is  a white,  crystalline  solid  and  does  not  show  any 
detectable  dissociation  pressure  at  ambient  temperature; 
attempts  to  synthesize  the  analogous  potassium  salt  failed 
under  similar  reaction  conditions.  This  is  not  surprising 
since  the  stability  of  salts  of  this  type  generally  decreases 
with  decreasing  cation  size. 

Vibrational  Spectra.  Figures  1 and  2 show  the  Raman 
and  the  infrared  spectra,  respectively,  ofCsSFjO.  The 
absorption  between  300  and  250  cm-1  in  the  infrared  spec- 
trum is  due  to  the  AgBr  window  material.  The  observed 
frequencies  are  listed  in  Table  I. 

Analogy  with  isoele  ' . onic  SFsC14,s  and  the  typical  AB4 
19F  nmr  pattern  previously  reported3  for  SFjO'  suggests 
the  following  square-bipyramidal  structure  of  symmetry 
C*,  for  SFjO' 


:o~ 


For  this  ion  of  symmetry  C*,  1 1 fundamentals  are  expected. 
These  are  classified  as  4 Aj  + 2 Bi  + Bj  + 4 E.  All  1 1 
modes  should  be  Raman  active,  whereas  only  the  At  and  E 
modes  should  be  infrared  active.  The  assignment  of  the 
observed  bands  to  the  individual  modes  is  given  in  Table  I 
and  is  supported  by  the  following  arguments.  The  very  in- 
tense infrared  band  at  1 1 54  cm~‘  must  be  due  to  the  SO 
stretching  mode.  As  expected  for  an  At  mode  it  was  also 
observed  in  the  Raman  spectrum.  Its  high  frequency  rules 
out  any  alternate  assignment.  Comparison  with  the  cor- 


(4)  L.  H.  Crora,  H.  L.  Roberta,  P,  Goggio,  and  L.  A.  Woodward, 
Tnttt.  Fonde y Soe.,  16,  94S  (I960). 

(5)  J.  E.  Griffith!,  Spectroekim.  Acte,  ton  A,  23,  2I4S  (1967). 


The  SF|0~  Anion 
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Obsd  freq,  cm'1,  and  intern 

Assifnn 

_ point 

lent  in 
poup 

w 

Approximate 
description  of 
vibration 

CsSF.O 

SF.C1* 

1F.O* 

C 

Ir 

R 

Ir 

R 

Ir 

R 

1154  vs 

1153(1) 

402  s 

403  (10)  p 

927  s 

928  (4)  p 

A, 

V, 

*XY) 

735  vs 

722  (0.2) 

855  vs 

833  (0.2)  p 

680  s 

680  (10)  p 

V, 

*XF) 

697  m 

697  (10) 

707* 

704  (3.0)  p 

640  w 

640  (9+)  p 

V, 

Wsyn/^F«) 

506  s 

506(1) 

602  s 

603  (0.2)  p 

360  s 

c 

v4 

6 ryial out-of-plane  XFJ 

541  (3.3) 

625  (0.7)  dp 

640  (9+)  p 

B, 

*'.yn»(out-of-phase  XF4) 

472  (0.2) 

(27  SF* 

6Mym(out-of-plane  XF4) 

452  (0.9) 

505  (0.2)  dp 

305(1)  dp 

B, 

v7 

SgyB(in-plane  XFJ 

785  vs,  br 

780  (0.1)  br 

909  v. 

927  (0.2)  dp 

710  vs 

700  (0+)  sh 

E 

•'aaymCXFj 

606  s 

607(2.2) 

287  vw 

271  (0.6)  dp 

369  s 

374(1)  dp 

6(VXFJ 

530  th 

530(2) 

579  mw 

584  (0.1)  dp 

342  s 

340  (4)  dp 

S(  FXFJ 

325  mw 

441  m 

442  (0.8)  dp 

e 

205  (0-)-) 

6M(in-plane  XF4) 

* L.  H.  Cross,  If.  L.  Roberta,  P.  Gofgin,  and  L.  A.  Woodward,  7>wu.  Faraday  Soc.,  56,  945  (1969);  J.  E.  Griffith*,  Spectrochim.  Acta, Fart 
A,  23,  2145  (1967);  K.  O.  Chrisle,  C.  J.  Schack,  and  E.  C.  Curtis,  htort  Chem.,  11,  583(1972).  * D.  F.  Smith  and  G.  M.  Be*un,  J.  Chem. 
Pftyi,  43,  2001  (1971).  * Band  masked  by  v,  and  v„.  d Not  observed;  value  estimated  from  combination  band.  < Below  frequency  range  of 
spectrometer  used. 


Fipm  1.  Raman  spectrum  of  solid  Cs*SF,0.  A indicates  spec- 
tral slit  width. 


Fifuse  2.  Infrared  spectrum  of  solid  Cs*SF,0'  as  an  AgBr  disk. 

responding  mode  in  SFjO*  ( 1 538  cm'1)6  and  SF4O  (1380 
cm'1)7  shows  the  expected  frequency  decrease  with  an 
increasing  formal  negative  charge.  The  SFjO'  anion  should 
have  four  additional  stretching  modes.  Three  of  these  be- 
long to  the  approximately  square-planar  SF4  part  and  one 
involves  the  unique  fluorine  ligand.  Of  these,  the  totally 
symmetric  SF4  stretching  mode  of  species  Ai  should  remit 
in  the  most  intense  Raman  line  and  is  consequently  sstigned 
to  the  Raman  band  at  697  cm'1 . As  expected  for  species 
At  .this  Raman  band  has  an  infrared  counterpart.  The 
antisymmetric  SF4  and  the  SF  stretching  modes  in  SFjCl 
are  both  of  very  high  intensity  in  the  infrared  and  of  very 
low  intensity  in  the  Raman  spectrum4,1  and  occur  at  fre- 

(«)  M.  Browns* Ha,  p.  A.  W.  Dus,  and  R.  1.  Giiltspia,  Cham. 
Comma* 1,9(1970). 

(7)  r.  L.  Gocsia,  H.  L.  Roberta.  aad  L.  A.  Woodward.  Tmu 
Faraday  Soc,  S7,  1877(1941). 


quencies  higher  than  that  of  t^^SF*)  (Ak).  Consequently, 
for  SF5O"  these  two  modes  are  assigned  to  the  two  weak 
Raman  lines  at  780  and  722  cm'1 , respectively.  Of  these 
two,  the  780-cm'1  line  is  attributed  to  owing  to 

its  width,  lower  Raman  intensity,  and  larger  frequency 
separation  from  Pwm(SFa)  (At).  Both  Raman  bands  show 
as  expected  a very  intense  infrared  counterpart.  Owing  to 
the  broadness  of  j>„(SFa),  these  two  bands  are  poorly  re- 
solved in  the  infrared  spectrum.  The  broadness  of  vm 
was  also  observed  for  several  other  approximately  square- 
planar  XF4  groups,  such  as  BrFa',*  CIF4',*  or  those  in 
SFs'  and  SeFs  , and  hence  appears  to  be  quite  general. 

The  remaining,  yet  unassigned,  stretching  mode,  iV*,( out- 
of-phase  SF4)  (B 1),  should  be  of  medium  Raman  intensity, 
should  ideally  have  no  infrared  counterpart,  and  should 
occur  in  the  range  500-600  cm'1 . Since  both  the  506- 
and  607-cm"1  Raman  lines  show  very  intense  infrared 
counterparts,  only  the  530-  or  the  541-cm'1  line  might  be- 
long to  viym(SF4)  (B|).  Based  upon  its  higher  Raman  in- 
tensity and  frequency,  we  prefer  to  assign  541  cm'1  to 
Dnra(SF4)(B1). 

There  are  six  frequencies  left  for  assignment  to  the  six 
deformational  modes.  Of  these,  the  O-SF4  wagging  mode 
(E)  should  have  the  highest  frequency  since  it  involves  a 
motion  of  the  oxygen  atom  which  has  partial  double-bond 
character  (see  below).  Furthermore,  this  mode  should  re- 
sult in  a relatively  intense  band  in  both  the  infrared  and 
Raman  spectra.  Consequently,  this  mode  is  ascribed  to 
607  cm'  . By  comparison  with  SFjCl,4,5  SFs',10  and 
SeFjCI11  one  would  expect  6Mna(in-plane  SF4)  (E)  to  have 
the  lowest  frequency  of  the  SF*  group  deformational  modes 
and  to  be  infrared  active.  Consequently,  this  mode  is  as- 
signed to  the  325-cm'1  infrared  band.  Of  the  remaining 
two  yet  unassigned  infrared-active  deformational  modes, 
the  5 out-of-plane  SF4)  or  umbrella  mode  (At)  should 
result  in  a very  intense  infrared  band  of  relatively  high  fre- 
quency.4’5,10'11 Consequently,  this  mode  is  assigned  to 
506  cm'1 , leaving  530  cm'1  for  assignment  to  the  F-SF4 
wagging  mode  (E).  The  two  remaining,  yet  unassigned  in- 

(8)  K.  O.  Christa  and  C.  J.  Schack,  laorg.  Cham.,  9,  18S2 
(1970). 

(9)  K.  O.  Christa  and  W.  Sawodny . Z.  Attorg.  Alls.  Cham.,  374, 
304(1970). 

(10)  K.  O.  Chriata.  £.  C.  Curtis,  C.  I.  Schack.  and  D.  PiUpcvich. 
Inorg  Cham.,  II,  1679(1972). 

( 1 1)  K.  O.  Christa,  C.  i.  Schack,  and  E.  C.  Curtis,  loot?.  Cham., 
II.  S83  (1972). 
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Table  11.  Symmetry  Force  Conitanti  of  SF,0" a 


Christe,  et  at. 


A,  v,  1154  F„  =/D  6.46 

733  Fu=fR  3.75 

*,  697  f„=/r+  Vrr+frr'  5-43 

UA  506  F„  = ‘/ j(/j}  + + ff)0  +fy+  2fyy  + fyy'  - 2 fa  - 4^'  - 2./jjy'')  2.52 

F’,i  =Ird  0.66 

B,  p,  541  F„  = /r-2/rr  + /n/  3.28 

B,  p,  452  F„  =/a-Voa  + /<*»  1.46 

E p,  785  F..=fr-fnr  2.84 

p,  607  /r„=/7-/W  2-22 

pso  530  F ',oi#  ~ fct~ fact  2.62 

p,i  325  F,,,,  —fp  — /p0  1.21 

= fry  ~ fry  0 40 

F»‘ = fra**  0.50 

F#n  = /rfl  - frB  0.28 

* Stretching  constant!  in  mdyn/A,  deformation  constants  in  mdyn/A  radian1,  and  stretch-bend  interaction  constants  in  mdyn/A  radian. 


lrared-inactive  inodes  of  species  Bl  and  B2,  respectively,  be- 
long to  the  Raman  lines  at  472  and  452  cm-1 . Since,  for 
numerous  structurally  related  species,  6«ay»( out-of-plane 
SF4)  (Bi)  either  has  not  been  observed  or  was  of  very  low 
intensity ,6,9,13  this  mode  is  assigned  to  the  very  weak  Raman 
line  at  472  cm'1 . Hence,  the  last  yet  unassigned  Raman 
line  at  452  cm'1  should  represent  6 ^ro( in-plane  SF4)  (Bj). 

Comparison  of  the  SF$0~  assignment  with  that  made  for 
SFsC14,s  (it  should  be  noted  that  the  assignment  given  in 
ref  7 for  i>tI  (E)  is  likely  to  be  incorrect1*)  shows  satisfactory 
agreement  (see  Table  1).  The  slight  discrepancy  in  the 
relative  Raman  intensities  observed  for  v10  (E)  between  the 
two  species  might  be  ascribed  to  increased  coupling  between 
p«  and  Vio  in  SFjO*  due  to  O being  more  similar  in  mass  to 
F than  Cl.  This  might  result  in  a symmetric  and  antisym- 
metric rather  than  in  a characteristic  F-SF4  and  OSF4 
wagging  motion.  This  assumption  appears  to  be  supported 
•by  the  spectrum11  of  isoelectronic  IFjO  (see  Table  1)  for 
which  the  Raman  intensity  of  r|0  is  higher  than  that  of  v9. 

Of  the  four  infrared  bands  previously  reported3  for 
CsSF]0  only  the  two  weaker  ones  agree  with  our  observa- 
tions. Furthermore,  the  previously  suggested3  assignment 
of  the  SO  stretching  mode  to  a broad  band  centered  at  718 
cm'1  is  obviously  incorrect. 

In  summary,  all  1 1 fundamentals  of  SFjO*  have  been  ob- 
served and  an  assignment  is  offered.  The  observed  vibra- 
tional spectrum  definitely  supports  the  proposed  structural 
model  of  symmetry  CV 

Force  Constanta.  A normal-coordinate  analysis  was  car- 
ried out  to  aid  the  spectral  assignment.  The  kinetic  and  po- 
tential energy  metrics  were  computed  by  a machine 
method, w assuming  the  following  geometry  and  coordinate 
definitions:  /?8r  = rar  = 1 .60  A,  £>so  = 1 .47  A,  a (FSF)  - 
ft  (F*SF)  = y (QSF)  = 90°,  where  F'  refers  to  the  axial 
(unique)  fluorine  ligand.  The  symmetry  coordinates  used 
were  identical  with  those  reported13  for  IFjO.  The  bond 
lengths  were  estimated  by  comparison  with  similar  molecules 
using  the  correlation13  noted  by  Gillespie  and  Robinson 
between  stretching  frequencies  and  bond  lengths.  The 
deformation  coordinates  were  weighted  by  unit  (1  A) 
distance. 

The  force  constants  were  calculated  by  trial  and  error  with 
the  aid  of  a time-sharing  computer  to  get  exact  agreement 
between  the  observed  and  computed  frequencies  using  the 
simplest  possible  modified  valence  force  field.  Unique 

>(12)  G.  M.  B*fun,  W.  H.  FUtcku,  and  D.  F.  Smith,  J.  Chtm. 
Pky*.,  43,  3336  (IMS). 

(13)  D.  F.  Smith  and  O.  M.  Bajun.  1.  Chtm  Phyt.  43,  200i 
(IMS). 

(14)  g.  C.  Curtis,  Sptcnochim  Act*,  Pvt  A,  27.  1939  (1971). 

(IS)  R.  J.  Gillespie  and  E.  A.  Robinson,  Can.  J.  Chtm.,  41, 

3074  (1M3). 


force  constants  could  not  be  computed  since  the  general 
valence  field  has  36  constants  and  there  are  only  1 1 observed 
frequencies.  It  was  found,  that  for  the  A|  block  the  values 
of  F|i  and  FM  were  strongly  influenced  by  the  value  of  the 
interaction  constant  Fu.  Since  in  isoelectronic  SFsCI16 
and  in  IFjO13  the  equatorial  and  axial  fluorine  atoms  do 
not  significantly  differ  in  their  stretching  force  constants  and 
since  in  SFjO~  the  equatorial  SF  stretching  force  constant 
{,  is  about  3.6  mdyn/A,  we  prefer  for  SFsCT  a force  field 
with  Fj2  = Fr  **fr.  Surprisingly,  the  interaction  constant 
Fn  = 2 fa  had  little  influence  on  the  frequencies  of  and 
Fj.  Hence,  its  value  might  be  comparable  to  that  of  Fia 
although  it  is  not  required  for  obtaining  a fit  between  the 
computed  and  observed  frequencies.  The  computed  sym- 
metry force  constants  are  listed  in  Table  11.  The  interac- 
tion constants  not  listed  were  assumed  to  be  zero. 

The  following  values  were  obtained  for  the  more  impor- 
tant internal  force  constants:  fD  = 6.46 ,fR  = 3.75,  fr  - 
3.60 ,fRD  = 0.66, » 0.54,  and = 0.75  mdyn/A.  Sig- 
nificantly larger  values  of  about  4.6  and  7.7  mdyn/A  are 
possible  for  fR  and  fD,  respectively,  by  assuming  a much 
smaller  value  for  fRD . However,  the  resulting  large  dif- 
ference between  fR  and  Jr  renders  such  a force  field  less 
likely.  In  spite  of  these  uncertainties  in  the  force  constants, 
certain  conclusions  can  be  reached.  The  value  of  the  SO 
stretching  force  constant  fD  (6.5  mdyn/A)  is  much  lower 
than  those  of  10-12  mdyn/A  generally  found  for  S*=0 
double  bonds.13’16  Its  value  is  comparable  to  that  found 
for  the  SO#3-  anion  (7.44  mdyn/A16)  indicating  for  SFjO" 
a SO  bond  order  of  about  1 .5.  Furthermore,  the  values  of 
the  SF  stretching  force  constants,  fK  and /r,  are  somewhat 
lower  than  those  generally  found  for  covalent  SF  bonds 
(4.5-6  mdyn/A16)  indicating  significant  ionic  contributions 
to  the  SF  bonds  in  SFjO".  These  results  are  best  interpre- 
ted in  terms  of  the  resonance  structures 


These  structures  together  with  orbital-following  effects 
could  also  account  for  the  unusually  strong  coupling  be- 
tween the  SO  and  SF  stretching  modes  suggested  by  the 
force  constant  computation. 

Registry  No.  CsFSF40,  37862-1 1-6. 
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THE  PREPARATION  OF  CHLORINE  MONO FLUORIDE 
C.  J.  Bcback  and  R.  D.  Vi  loon 

Rocks  tdyne  , a Division  of  Eo^'rvell  International  Corporation, 
Caaoga  Park,  California  91304 


amwbact 

A procedure  ia  daacribed  far  the  synthesis  of  chlorine  monoflnorid*  frost 
chlorine  and  chlorine  trifluoride  * 

imsEsaaL 

Chlorine  nonofluoride  ia  a very  vigorous  and  useful  reagent  which  exhibits  a 

diversity  of  reaction  paths*  Thus  floor inating,  chlorinating,  and  oblore- 

flueriaating  reactions  are  wall  known1  as  well  as  aaphoteric  behavior  in  forming 

12 

Lewis  acid  and  baas  cosiplexes  * . Despite  this  broad  utility,  specific  details 
regarding  the  synthesis  of  C1F  are  lacking*  The  experiments  reported  herein 
describe  a simple,  laboratory  scale,  procedure  for  the  preparation  of  C1F. 
PlflCUBSItT 

Although  C1F  can  be  prepared  from  the  elements  , it  is  generally  preferable 
to  employ  CITj  and  Cl^  according  to  the  equations 

C1F3  ♦ Cl2  & o».  3CIF 

This  reactism  was  first  reported4  by  gebnits  and  Schumacher.  In  their  work 
and  ia  later  application*6 the  reactienc  were  carried  out  at  temperatures 
ia  the  range  of  860  - J60°C  and  at  unspecified  pressures  aa^or  tinea*  There- 
fore, it  appeared  desirable  to  better  define  the  most  significant  parameters. 
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i*«.(  teaperatu re,  pressure,  and  time.  The  following  table  sumaarises  aow 
of  our  typical  results. 


TABU  I 


Hun  No. 

T°C 

Be  action  Data  For  1.00  ClFg 

Nan.  Pressure  Tine,  hr. 

Eli 

- 1.00  Cl2 

C1P3 

Recovered 

% Yii 

Purifii 

1 

120 

160 

65 

Yes 

65 

2 

160 

200 

18 

Yes 

78 

3 

160 

620 

18 

No 

05 

4 

180 

375 

6 

No 

02 

5 

180 

670 

6 

Trace 

82 

Trm  thaae  experiments  it  ia  evident  that  a temperature  of  120*C  ia  too  lov  for 
obtaining  a high  yield  in  a reasonable  tine.  However , a temperature  of  180°C ( 
still  much  lower  than  those  most  often  used,  ia  quite  satisfactory  for  pro- 
ducing complete  reaction  in  a abort  tiae , over  a broad  pressure  range.  At 
1S0°C  a slightly  higher  yield  was  achieved,  perhaps  due  to  reduced  wall 
reactions.  The  longer  tiae  required,  18  hr-,  is  still  a convenient  over- 
night period.  In  all  oases  a 8-7  nolo  percent  exoess  of  Clf,  was  used  to  ensure 
sufficient  notarial  for  the  desired  reaction  since  inevitably  sosa  fluorine  is 
"lost"  through  formation  of  natal  fluorides.  These  conditions  have  been  success- 
fully tested  on  a reaction  scale  of  a few  voles  to  about  one  aole  of  CUP. 


! 


Coanercial  (*he  Natheson  Co.)  C1F,(96J()  and  Cij  (89.#)  were  used  without 
farther  purification.  Stainless  steel  (XH),  single  ended,  Ugh  pressure 
(1800  pel)  cylinders  (lake,  Inc.)  were  used  together  with  stainless  steel  (910) 
valves  (Hehe,  lac.)  and  bourdon  tube  gauges  (The  Natheson  Co.).  Clean,  assembled 
reactors  were  passivated  with  CIF^  at  ambient  temperature  before  use.  Measured 
amounts  of  ClFj  and  Clj  were  oeadoneed  into  the  cylinder  held  at  -190«C.  After 
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wanting  to  ambient  temperature,  tbe  leaded  reactors  wore  booted  to  tbe  final 
r tact ion  temperature  in  aa  oven  or  with  hooting  tope.  Because  tbe  temperature- 
pressure  maxismms  employed  were  well  below  ratings  for  tbo  equipment,  snail 
reactors  could  bo  placed  completely  (valve , gauge  and  all)  and  safely  in  an 
inexpensive  drying  oven  set  at  the  desired  temperature.  Tbe  beating  cycle  was 
conducted  in  aa  outdoor,  pressure  safe  facility.  On  completion  of  tbe  reaction, 
the  contents  of  tbe  cooled  cylinders  were  separated  by  fractional  condensation 
in  a metal -Teflon  vacuum  line.  A trap  cooled  to  -142^0  (methylcyclopeatane 
slush)  ises  used  to  retain  impurities  such  as  Clg,  CIF^,  and  FClOg,  while  tbe 
C1F  was  condensed  in  a trap  bold  at  -196°C.  Tbe  purity  of  tbe  ClF  was  deter- 
mined by  gas  chromatography7  and  its  infra-aed  spectrum. 
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Halogen  Perchlorates.  Additions  to  Perhaloolefins 

CARL  J.  SCHACK.*  DON  P.1L1POVICH.  and  JOHN  F.  HON 
Received  June  27,  1972 

The  recently  discovered  halogen  perchlorates,  C1,04  and  BiClO. , have  been  found  to  react  with  perhaloolefins  by  adding 
across  the  carbon-carbon  double  bond.  These  reactions  proceeded  quickly  at  low  temperatures,  in  the  absence  of  a solvent, 
to  furnish  the  previously  unknown  perhaloalkyl  perchlorates  in  high  yield.  Compounds  prepared  in  this  manner  were 
CiCFjCF.CIO,,  CICF.CFCiaO,,  a.CFCFOClO.,  CF,CFC1CF,C104,  BrCF,CFClC104,  and  CF,CFBrCF,C104.  Clu.awer- 
istic  data  for  these  surprisingly  stable  compounds  are  reported.  All  the  new  perchlorates  reacted  with  alkali  metal  fluorides 
to  form  the  corresponding  acid  fluorides  and  either  FCIO,  or  mixtures  of  FCIO,,  Cl,,  and  O,. 


Introduction 

Compounds  which  contain  terminal  halogen-oxygen  single 
bonds  have  been  reported  to  add  to  olefin  double  bonds 
through  cleavage  of  the  X-0  single  bond.  For  example, 
halogen  fluorosulfates  (X-OSOjF),1,2  chlorine  nitrate 
(Cl-ONOj),1 2 3  and  haloxyperfluoronte thanes  (X  OCF3)4 5'6  all 
participate  in  such  reactions.  As  part  of  a systematic  investi- 
gation of  the  recently  uiscovered  halogen  perchlorates,  C12C>4 
(C10C103)7 8 9  and  BtC104  (BrOClOj),®  their  reaction  with 
perhaloolefins  was  examined.  Rapid  and  generally  smooth 
reaction  was  found  which  produced  the  new  class  of  com- 
pounds, perhaloalkyl  perchlorates 

C=C  + XCIO,  - (X  = Cl.  Br) 

' x X OCIO, 

These  reactions  occurred  in  high  yield  (~90%)  at  low  tem- 
peratures and  have  been  used  to  prepare  ClCFjCF^ClOa, 
C1CFjCFC1C104,  C1,CFCFC1C104,  CF3CFC1CFjC104, 
BiCF2CFC1C104,  and  CF3CFBrCF2C104.  Although  ther- 
mally stable  at  ambient  temperature,  the  alkyl  perchlorates 
were  susceptible  to  catalytic  decomposition  with  alkali  metal 
fluorides  at  these  same  temperatures.  Catalyzed  decomposi- 
tions gave  quantitative  yields  of  the  respective  acid  fluorides 
and  provided  a useful  procedure  for  their  identification. 

Experimental  Section 

Apparatus  and  Materials.  The  equipment  used  in  this  work  has 
been  described.*  Chlorine  perchlorate  and  bromine  perchlorate  were 
prepared  as  reported. ’•*  The  haloolefins  used  were  purchased  and 
purified  by  fractional  condensation  except  tetrafhioroethylene  which 
was  prepared  by  pyrolyzing  Teflon.  Cesium  fluoride  and  potassium 
fluoride  were  fused  and  then  powdered  in  a drybox  prior  to  use. 

Halogen  Perchlorate  Additions.  General  Method.  In  general  the 
reactions  of  the  halogen  perchlorates  and  haloolefins  were  conducted 
in  a Teflon  U trap  on  the  vacuum  line.  A known  quantity  of  the 
halogen  perchlorate  was  maintained  in  the  trap  at  -78°.  At  this 
temperature  these  perchlorates  are  liquid  and  have  little  vapor 
pressure.  An  excess  of  the  giseout  olefin  was  added  to  this  trap 
incrementally  or  at  a continuous  rate  such  that  a pressure  of  20-30 
mm  was  not  exceeded.  The  rate  of  the  observed  pressure  drop  was 
appreciably  increased  if  the  liquid  phase  was  agitated.  Some  reac- 
tions were  run  by  condensing  all  the  reactants  in  a Pyrex  bulb  at 

(1)  W.  P.  Gilbreath  and  G.  H.  Cady, /new*  Chtm.,  2,  496  (1963). 

(2)  B.  L.  Earl,  B-  K.  Hill,  and  J.  M.  Shreev#,  Inorj.  Chtm.,  5,  2184 
(1966). 

(3)  W.  Fink,  /4«g*w.  Chtm..  73,  466  (1961). 

(4)  R.  S.  Porter  and  G.  H.  Cady,  J ■ Amer.  Chtm.  Soc.,  79,  S62S 
(1957). 

(5)  J.  A.  Allison  and  G.  H.  Cady,  J.  Amtr.  Chtm.  Soc.,  81, 1089 
(1959). 

(6)  W.  Maya,  C.  1.  Schack.  R.  D.  Wilson,  and  1.  S.  Mukhead, 
TttrthtdroK  Lett.,  38,  3247  (1969). 

(7)  C.  J.  Schack  and  D.  Pilipovtch,  Inorx  Chem, , 9,  1387  (1970). 

(8)  C.  1.  Schack,  K.  O.  Chrlste,  D.  Pillpovich,  and  R.  D.  WUson, 
Inorx.  Chtm.,  10,  1078  (1971). 

(9)  C.  J.  Schack  and  R.  D.  WUson,  Inorx.  Chtm..  9,  31 1 (1970). 


-196°  and  then  warming  first  to  -78°  and  finally  to  room  tempera- 
ture. No  problems  were  encountered  with  this  method  for  the 
CF,CF=CF,-CI,04  system  on  a 4-mmol  scale.  However,  using  this 
method  with  the  CF,=CFCI-C1,04  system  on  the  same  scale  resulted 
in  an  explosion.  The-efore  additional  reactions  were  not  conducted 
in  this  manner.  Product  work-up  was  easily  accomplished  by 
fractional  condensation  since  the  perhaloalkyl  perchlorates  were  con- 
siderably less  volatile  than  any  unreacted  material  present  or  any  by- 
products formed.  AU  the  perhaloalkyl  perchlorates  prepared  were 
colorless,  mobile  liquids  which  did  not  freeze  down  to  -78°.  The 
compounds  were  s'able  and  storable  at  ambient  temperature  in  dean 
and  dry  Pyrex  or  stainless  steel  containers.  Purity,  as  determined  by 
gat  chromatography,  was  generally  98+%,  even  after  1 year  at  ambient 
temperature.  Details  of  the  synthesis  and  characterizations  follow. 

The  "nmr  data  are  shown  in  Table  11  and  the  infrared  bands  of  the 
perchlorate  compounds  in  Table  I. 

Perfluoropropene-Halogen  Perchlorate  Reactions.  According  to 
the  general  procedure  described  above,  CF,CF=CF,  (4.20  fnmol)  was 
added  to  C1,04  (3.56  mmol)  over  a 20-min  period.  On  fractionation, 
the  product  CF,CFC1CF,CI04  (3.48  mmol,  97.6%  yield)  was  retained 
at  -78°.  The  purity  of  the  product  was  indicated  by  tensiometric 
homogeneity,  44  mm  at  20.1°  and  18  mm  at  0.0°.  The  observed 
vapor  density  was  280  g/mol;  calculated  285  g/mol.  Prominent  peaks 
were  noted  in  the  mass  spectrum  for  the  m/e  values  corresponding 
to  the  ions  CjF.CT,  C,F4C1*,  CF,CT,  CIO/,  CF,‘  (base  peak),  CIO,*, 
CF,0*,  CIO*,  and  COF*.  The  densities  measured  in  a Pyrex  pycno- 
meter at  -77. 2,  0.0,  and  20.0°  were  2.01,  1.84.  and  1.80  g/ml.  For 
this  temperature  range,  the  density,  p,  is  given  by  the  equation  p = 
1.84- 2.18  x 10"’r°C. 

Perfluoropropcne  (4.46  mmol)  was  added  to  BrC104  (4.28  mmol) 
over  30  min.  Pure  CF,CFBrCF,C104  (3.78  mmol,  88.4%  yield)  was 
retained  at  -64°  and  exhibited  vapor  pressures  of  7 mm  «t  0.0°  and 
22  mm  at  20.0°.  The  observed  vapor  density  was  331  g/mol;  calcu- 
lated 329.3  g/mol.  Major  peaks  in  the  mass  spectrum  corresponded 
to  the  ions C,F4Bi*,  C.F.BrO*,  C,F4Br*,  C,F,Br*.  CF.Br*.  CIO,*, 

CF, ’(base  peak),  CIO, *,CF,0*,  CIO*,  CF,*,  and  COF*.  The 
measured  densities  at  -77.4,  0.0,  and  21.0°  were  2.25,  2.09,  and 
2.05  g/ml  giving  a density-temperature  relation  for  this  temperature 
range:  p = 2.09  - 2.05  X lO'V'C. 

Chlorotrifluocoethylene-Halogen  Perchlorate  Reactions.  During 
a 4-hr  period,  CF,=CFC1  (8.05  mmol)  was  added  to  C1,04  (7.70 
mmol)  forming  OCF.CFCICIO,  (7.19  mmol,  93.5%  yield)  which  was 
retained  at  -64°  on  fractionation.  Measured  vapor  pressures  were 
10  mm  at  0.0°  and  25  mm  at  22.9°  and  the  vapor  density  was  249 
g/mol;  calculated  25 1 .5  g/moL  The  mass  spectrum  showed  strong 
peaks  for  the  ions  C,F,CT,  CFC1,*,  C.F.O*,  CF,C1*  (base  peak), 

CIO,*,  CF,*,  CIO,*,  CFC1*,  CIO*,  CF,*,  and  COF*.  Densities  observed 
at  -77.4,  0.0,  and  20.1°  were  1.98,  1.83,  and  1.79  g/ml.  The  density- 
temperature  relation  for  this  temperature  range  is  given  by  the  equa- 
tion p = 1.83  - 1.96  X 10'*f°C. 

Chlorotrifluoroethylene  (2.64  mmol)  was  allowed  to  react  with 
BrC104  (2.45  mmot)  over  a 1-hr  period  and  furnished  BiCF,CFCK30. 
(2.08  mmol,  85%  yield)  which  was  trapped  at  -54*  during  fractional 
condensation.  The  purified  material  showed  vapor  pressures  of  3 
mm  at  0.0°  and  1 1 mm  at  20.4°. 

Tatnfluofoethyiene-ClilorlneFerchlontt  Reaction.  The  reaction 

of  C,F4  (3.16  mmol)  and  Ct,04  (3.12  mmol)  at  -78°  was  quite  slow, 
even  with  s C,F4  pressure  f 100  mm,  and  wu  allowed  to  proceed 
overnight  prior  to  work-up.  Fractional  condensation  at  -95°  gave 
CJCFjCFjOO,  (2.86  mmol,  91 .5%  yield)  with  an  observed  vapor 
density  of  233  g/mol;  calculated  235  g/mol.  The  following  tempera- 
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Tabic  I.  Infrared  Spectra  of  Fluorocarbon  Perchlorates  (4000-400-cm‘l  Range) 
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Tentative 

CljCFCFCiaO,  CtCFjCFaaO.  BrCF,CFC1004  OCF,CF,C104  CF,CFCICF,Ct04  CF,CFBrCF,C104  a alignments 


1307  a 1310  t — 

1296  a 1297  a — 

1178  m 1232  wm 

1130m  1189  ms 

1090  m 1140  m 

1050  m 1091  m 

1054  m 


997  a 1008  a 

908  ma 913  m 

879  m 855  m 

818  ma  752  w 

660  ah 

632  a 630  t- 

610  ah  580  w 

575  w 


1311  t 1320  a 1318  s- 

1299  s 1295  a 1300  s- 

1224  wm  1198  s 1260  ah 

1190  ms  1163  s 1242  s 

1141m  1115s  1 182  w 

1088  m 1149  m 

1047  m 1128  m 


1004s- 
- 892  m- 
820  m 
749  w 
650  sh 


630  s- 
582  w 


•1032  $ — 
970  s 
-958  $ - 
815  w 
672  m 

-647  ms- 
610  m 


1036  a - 
976  s 
- 955  s — 
811  w 
739  m 
670  m 
--653  ma  - 
620  ma 
598  vw 


1318a 
1302  s 
1290  sh 
1255  sh 
1240  s 
1187 vw 
1170 vw 
1148  w 
1123m 
1033  s 
960  m 
924  m 
805  w 
737  m 
670  sh 
- 662  m 
o20  m 
595  vw 
545  w 


Aiym  0=0  str 
Asym  0=0  sti 

■C-F  str 
Region 

Sym  0=0  str 
C-0  str 
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Table  II.  "F  Nmr  Data** 

Compound 

CF  ,_nXn 
(X  = Cl) 

CFX  CFXOO, 
(X  = C1,  Br)  (X  = F,  Cl) 

COF 

O.CFCFCICIO. 

69.8  (1]6 

76.0  (1( 

C1CF,CFC1C104 

69.0  [2] 

79.0  ID 

acF,CF,ao4 

72.7  |l] 

92.5  (!) 

CFjCFQCFjCIO, 

78.4  (31 

139.2  (1] 

85.8  ( 2 J 

CF  ,CFBrCF,  CIO, 

76.5  [31 

141.5  [1] 

84.7  [2] 

CFCI, COF 

65.9(1] 

-7.5  (1) 

CF,ClCOF 

65.1  [2] 

~io.o  (D 

CFjCFCICOF 

80.5  (3) 

132.3  (1( 

-20.6  (11 

CF.CFBrCOF 

78.7  [3] 

137.1  111 

-20.3  (l| 

« Chemical  shift  in  ppm  relative  to  internal  CFO,.  b Values  in 
brackets  are  approximate  relative  area  ratios. 

ture-vapor  pressure  data  were  noted  (°C,  mm):  -24.1, 10;  0.0, 42; 
10.3,  7 1 ; 20.4,  1 1 3.  The  vapor  pressure-temperature  relation  is 
described  by  the  equation  log  pmm  = 7.968  - (1 735/7'°K).  The 
extrapolated  normal  boiling  point  is  67.8”,  with  a heat  of  vaporisation 
of  7.93  kcal/mol  and  a Trouton  constant  of  23.3.  Intense  peaks  in  the 
mass  spectrum  were  found  for  the  ions  C,F,0*,  CF,CT  (base  peak), 
CIO,”,  CF,*,  CIO,*,  CFCI *,  CF,0*.  CIO*,  CF,*,  and  COF*.  The  density 
at  -76.5, 0.0,  and  20.1°  was  1.98,  1.80,  and  1.75  g/ml.  The  derived 
density-temperature  equation  is  p = 1 .80  - 2.43  x 10‘VC. 

1,2-DtchiorodifluoroethyWne-Chlortne  Perchlorate  Reaction. 
Chlorine  perchlorate  (5.75  mmol)  was  maintained  at  -35°  for  its 
addition  to  CICF=CFCl  (6.03  mmol)  so  that  the  reaction  could  be 
followed  manometrically.  Initially  the  reaction  appeared  rapid  but  it 
soon  became  sluggish,  requiring  10  hr  to  complete  the  addition  using 
40  mm  as  the  maximum  reaction  pressure.  Vacuum  fractionation  at 
-35”  gave  pure  Cl,CFCF«CK)4  (5.04  mmol,  87.6%  yield). 

Prominent  mass  spectral  peaks  were  found  for  the  ions  C,F,C10*, 
CFCI,*  (base  peek),  CIO/,  OO/,  CFCI*,  CIO*,  CC1*,  and  COF*.  The 
vapor  pressure  was  2 mm  at  0.0°  and  5 mm  at  20.2*.  Density 
measurements  at  -77.6,  0.0,  and  20.0°  were  2.06, 1.92,  and  1 .89  g/ml. 
The  density-temperature  relation  is  given  by  the  equation  p = 1.92  - 
1.77  X 10'VC. 

PerflaofobutadieM-Chiotine  Perchlorate  Reaction.  An  attempt 
was  made  to  prepare  a monoperchlorate-substituted  product  from  a 
diolefin  by  treating  CF,=CFCF=CF,  (2.28  mmol)  with  C1,04  (2.34 
mmol).  The  addition  proceeded  smoothly  and  less  than  0.1  mmol  of 
unreacted  material  was  recovered  by  pumping  on  the  reaction  mixture 
at  -64*.  However,  when  the  product  was  warmed  to  near  room  tem- 
perature it  exploded. 

Perhaioelltyl  Perchlot&te.  Alkali  Metal  Fluoride  Reactions.  The 
pethaloalkyl  perchlorates  were  treated  with  CsF  or  KF  in  Pyrex  at 
slightly  elevated  temperatures.  Products  of  these  reactions  were 
separated  by  fractional  condensation  and  identified  by  spectral  and 
chromatographic  analysis.  For  the  compounds  OCF,CF,CK)4, 
CF,CFCICF,C104,  and  CF,CFBrCF,C104;  nearly  quantitative  yields 
of  FCKJ,  and  the  acyl  fluorides  C1CF,C0F.  CF}CFClCOF.  and 
CF.CFBrCOF  were  obtained  on  heating  overnight  at  60*.  Chiorodi- 
fluoro* cetyl  fluoride  was  identified  by  its  infrared  spectrum  ind  vapor 
pressure  which  sgreed  with  the  reported1*  data  and  that  of  an  authen- 
tic sample  prepared  from  OCF,COCI  and  KF. 


2-Chlorotetrafluoropiopionyl  fluoride  has  not  been  reported  but 
was  identified  by  Its  vapor  density:  observed,  1 84  g/mol;  calculated, 

1 82.5  g/mol.  The  vapor  pressure  was  measured  over  the  range -78 
to  0°  ami  the  equation  describing  the  vapor  pressure-temperature  re- 
lation is  togPjnm  = 7.281  -(1248/T°K).  The  calculated  normal 
boiling  point  is  10.4°  with  a heat  of  vaporization  of  5.71  kc&l/mol. 
Infrared  bands  were  found  at  1860  (s),  1298  (m),  1245  (vs,  multipiet), 
1 142  (s),  968  (s),  760  (w),  700  (m),  and  674  (w)  cm"'.  Together 
with  a weak  parent  peak,  C,FtC10*,  the  masa  spectrum  contained 
intense  peaks  for  C,F4C1*,  C,FC10*.  CP, Cl*,  CF/  (base  peak),  CFCC 
CF/.  and  COF*. 

The  corresponding  bromine  compound  CF,CFBrCOF  was  identi- 
fied by  its  vapor  density  (observed,  231  g/moi;  calculated,  229  g/mol) 
and  the  reasonable  comparison  of  its  infrared  spectrum  and  boiling 
point  with  that  reported."  Vapor  pressure-temperature  values  were 
obtained  for  the  range  -48.3  to  +8.7”  (°C,  mm):  -48.3,  12; -32.0, 
36; -18.1,  85;  0.0,  224,  8.7,  328.  The  derived  vapor  pressure-tem- 
perature equation  is  log  = 8.224  - (1607/r°K)  with  a calculated 
normal  boiling  point  of  27.5®  (lit."  bp  32®)  and  a heat  of  vaporiza- 
tion of  7.35  kcal/mol.  Strong  mass  spectral  peaks  were  found  for  the 
ions  C,F,BtO*  (parent  peak),  C , F. Br *,  C, FBrO *,  CF, Br*,  C, F4*,  Br *, 
CF/  (base  peak),  CF,*.  and  COF*. 

For  the  compounds  C1CF,CFC1C104,  CI,CFCFC1C104,  and 
BrCFjCFOCIO,  the  cesium  fluoride  catalyzed  degradation  also 
produced  nearly  quantitative  yields  of  the  corresponding  acid  fluo- 
rides, ClCF,COF,  CljCFCOK,  and  BrCF,COF.  However,  the  other 
products  were  variable  amounts  of  FCIO,,  Cl,,  and  O,.  In  addition, 
the  susceptibility  of  these  perchlorates  to  this  reaction  varied  with 
C1CF,CFCIC10,  requiring  2 days  at  90°  for  complete  decomposition 
while  BrCF,CFClC104  was  approximately  50%  reacted  after  overnight 
at  room  temperature.  Chlorodlfluoroacetyl  fluoride  was  identified 
as  noted  above.  Bromodifluoroacetyl  fluoride  was  identified  by  its 
Infrared  spectrum:  1875  (vs),  1267  (m),  1 198  (s),  1105  (v$),  940  (s), 
768  (w),  670  (m),  and  555  (w)  cm-1,  compared  to  that  of  an 
authentic  sample." 

Dichlorofluoroacetyl  fluoride  was  identified  by  its  vapor  density: 
observed.  148  g/mol;  calculated,  149  g/mol.  Observed  vapor  pree- 
sure-temperature  data  were  (°C,  mm):  -65.1,  11;  —47.1,  29; 

- 3 1 .7 , 60; -24.0,  85;  - 10.2,  147 ; 0.0, 212.  The  equation  describing 
the  vapor  pressure-temperature  relation  is  log  pmm  = 6.440  - (1 124/ 
r°K)  leading  to  a calculated  normal  boiling  point  of  42.6°  and  a heat 
of  vaporization  of  5.14  kcal/mol.  A boiling  point  of  38-42*  (720 
mm)  hat  been  reported"  which  compares  well  with  the  40°  (710 
mm)  calculated  from  the  equation.  Mq)or  mast  spectra!  peaks  were 
found  for  the  ions  C,F,C10*,  CFCI/  (btse  peak),  CF,C1\  CFCI*. 

CCT,  and  COF*. 

Discussion 

Caution1.  The  halogen  perchlorates  and  the  alkyl  perchlo- 


(10)  K.  N.  Haszeldine  and  F.  Nyman,  J.  CHtm  Sot.,  1064  (1959). 

(11)  M.  D.  Bargamova  end  Y.  A.  Cherlukov,  /rv.  Akad.  Ntuk 
SSSR,  Str.  KHIm.,  377  (1966). 

(12)  C.  J.  Schsck,  unoubliahed  work. 

(13)  W.  Fink,  U.  S.  Patent  3,261,864  (1966). 


t 


1 


I 


\ 


i 


j 

j 

J 

i 

n 

i 


158 


Additions  to  Perhaloolefins 


Inorganic  Chemistry,  Vol.  12,  No.  4, 1973  899 


rates  are  potentially  explosive.  Safety  precautions  should  be 
taken  in  handling  and  using  these  materials. 

The  new  class  of  compounds,  perhaloalkyl  perchlorates, 
have  been  prepared  by  the  reaction  of  CljO«  or  BrClOa  with 
perhaloolefins.  Excellent  yields,  good  material  balances,  and 
molecular  weight  data  served  to  establish  the  1 : 1 addition 
stoichiometry.  Two  modes  of  addition  were  considered 
possible  for  this  interaction.  Further,  with  each  mode  of  re- 
action, isomeric  products  could  result  using  unsymmetrical 
olefins.  For  example,  in  addition  to  rupture  of  the  terminal 
X-O  bond,  the  possib*Kiy  existed  for  rupture  of  the  central 
XO-C1  single  bond  thereby  producing  XO-C-C-CIO3  adducts. 
However,  all  the  evidence  obtained  indicated  that  only  one 
addition  isomer  was  formed  from  each  olefin,  that  isomer 
being  a perchlorate.  This  evidence  consisted  of  l9F  nmr, 
infrared,  and  mass  spectra  not  only  of  the  perchlorates  but 
also  of  their  respective  derivatives,  acid  fluorides. 

The  infrared  spectra  of  the  perhaloalkyl  perchlorates  (Table 
I)  are  quite  characteristic  with  respect  to  showing  definitive 
bands  for  a covalent  0C103  group.  All  the  compounds 
exhibit  strong  bands  at  1295-1320  (doublet),  997-1036,  and 
630-652  cm'1 . These  are  assigned  respectively  to  the  C1=0 
antisymmetric  and  symmetric  stretching  vibrations  and  Cl-0 
stretching  vibration.  Other  covalent  perchlorates,  HOCIO3,14 
O3CIOCIO3,15  FOCIO3,16  and  the  parent  perchlorates,7,8 
show  bands  of  very  similar  position,  shape,  and  relative  in- 
tensity. Hydrocarbon  perchlorates  have  also  been  shown17 
to  have  comparable  bands  associated  with  the  infrared 
absorption  of  the  perchlorate  group.  Formulation  of  the 
addition  compounds  as  XO-C-C-CIO3  species  was  precluded 
by  the  absence  of  the  very  strong  band  at  ~1200  cm'1  which 
has  been  ascribed18  to  the  C103  group  directly  bonded  to 
carbGn. 

Although  the  perchlorate  spectra  shown  in  Table  I represent 
only  a limited  group,  it  is  noteworthy  that  distinct  differences 
are  apparent  for  vibrations  of  the  0C103  group  when  bonded 
to  a CFj  as  opposed  to  a CFC1  unit.  With  CFa  the  antisym- 
metric 0=0  stretches  are  split  further  (16-25  cm  1 ) than 
with  CFC1  ( 1 1-13  cm'1 ) and  are  shifted  to  slightly  higher  fre- 
quencies. The  0=0  symmetric  stretches  are  shifted  even 
further  apart  occurring  at  1032-1036  cm  1 forCFj  com- 
pounds and  at  997-1004  cm'1  for  CFO  species.  Bands  as- 
signed to  the  singly  bonded  0-0  stretch  are  also  shifted, 
647-653  cm'1  for  CF2  and  630-632  cm"1  for  CFO.  These 
correlations  indicate  the  sensitivity  of  the  C104  group  to  the 
nature  of  the  group  directly  bonded  to  it. 

Fluorine  nmr  data  are  given  in  Table  11.  The  peaks  were 
slightly  broadened  with  indications  of  muitiplet  structure 
but  were  not  resolvable  owing  to  small  coupling  constants. 

The  chemical  shifts,  area  ratios,  and  number  of  peaks  observed 
for  the  acid  fluoride  derivatives  readily  defined  the  struc- 
tures of  those  compounds.  For  the  perchlorates,  comparison 
of  the  chemical  shifts  and  area  ratios  of  the  series  together 
with  values  reported  for  similar  compounds  permitted  assign- 
ment of  the  peaks,  in  the  case  of  the  ethyi  compounds  with 
equal  numbers  of  fluorine  substituents  on  each  carbon, 
C1CF2CFjC104  and  C1SCFCFC1C104,  the  CICFj  (72.7  ppm) 
and  CljCF  (69.8  ppm)  assignments  were  made  which  are 
comparable  to  the  known  values  for  these  groups  in 

(14)  P.  A.  Giguere  and  R.  Savoie,  Can.  J.  Chem.,  40,  495  (1962). 

(15)  R,  Savol*  and  P.  A.  Giguere,  Can.  J.  Chem.,  40,  991  (1962). 

(16)  H.  Af akigian,  A.  P.  Gray,  and  G.  O.  Vickers,  Can,  J.  Chem., 
40.  IS7  (I ‘.'62). 

(17)  J.  Radelt,  J.  W.  Connolly,  and  A.  J.  Raymond,  J.  Amer. 

Chem.  Soc.,  83,  3958  (1961). 

(18)  C.  E.  Inman,  R.  E.  Oestcrling,  and  E.  A.  Tycakowaki,/ 

Amer.  Chem.  Soc.,  80,  5286  (1958). 


CICFjCFjOF  (69.4  ppm)  and  Cl2CFCF2OF  (71 .8  ppm)19 
and  in  C1CF2CF2NF2  (69.7  ppm)  and  C12CFCF2NF2  (72.8 
ppm).20  The  remaining  peaks  are  then  assigned  to  the 
fluorine  resonances  of  the  groups  CF2C1C>4  (92.5  ppm)  and 
CFCICIO4  (76.0  ppm).  For  C1CF2CFC1C104  these  consi- 
derations led  to  the  assignments  C1CF2  (69.0  ppm)  and 
CFCICIO4  (79.0  ppm).  The  alternate  formulation, 
C12CF\JF2C104,  would  require  the  assignments  ClaCF  (79.0 
ppm)  and  CF2C104  (69.0  ppm)  which  are  unjustifiably 
different  from  established  trends.  Unequivocal  support  for 
the  assignments  was  obtained  from  the  spectra  of  the  de- 
composition products.  Thus  C1CF2CFC1C104  gave  exclu- 
sively C1CF2C0F  whereas  C12CFCF2C104  would  have  pro- 
duced CI2CFCOF.  Similar  comparisons  and  observations 
regarding  the  propyl  perchlorates  and  their  derivatives  re- 
sulted in  the  assignments  shown  in  Table  II. 

The  mass  spectra  of  the  perchlorates  did  not  show  ions  for 
the  parent  molecules,  ion  fragment  assignments  were 
corroborated  by  the  presence  of  isotopic  species  in  the 
correct  abundance.  The  highest  m/e  values  found  generally 
corresponded  to  loss  of  the  C104  or  CIO3  groups.  Base 
peaks  corresponded  to  and  verified  the  respective  terminal 
units  CFC12,  CF2C1,  and  CF3.  The  appearance  of  these  ions 
as  base  peaks  is  typical  of  simple  perhaloalkyl  compounds  in 
which  they  are  present.21  Also  typical  of  such  compounds 
is  the  appearance  of  fairly  intense  peaks  for  recombination 
or  rearranged  ion  fragments.  This  phenomenon  was  ob- 
served as  with  C1CF2CFC1C104,  where  C12CF’  (~15%)  and 
CFjCF  (100%)  peaks  were  found.  Perchlorate  ions  were 
absent  from  the  spectra  as  they  a;e  also  absent  in  the  spec- 
trum of  Cl204.7  Ion  fragments  corresponding  to  CIO3’, 
C102*.  and  CIO’  were  of  appreciable  magnitude. 

Mass  spectra  of  three  of  the  acid  fluorides  were  obtained. 
The  two  propyl  compounds,  CF3CFXCOF,  gave  spectra 
consistent  with  formulations  deduced  from  infrared  and  19F 
nmr  data.  Prominent  peaks  corresponded  to  the  ions, 
C2F4X’,  CFX*,  and  CFV,  with  the  latter  being  the  base  peak. 
Again  appreciable  peaks  were  noted  for  the  rearranged  ions, 
CFjX*,  particularly  in  the  case  of  the  bromine  compound. 

In  addition  both  compounds  exhibited  parent  peaks  corre- 
sponding to  C3F<;X0*.  The  remaining  acid  fluoride, 
CljCFCOF,  did  not  give  a parent  ion  peak.  The  largest  mje 
number  fitted  the  ion  C2F2C10+.  Other  features  of  its  spec- 
trum were  analogous  to  the  other  halocaxbons. 

The  addition  of  XCIO4  compounds  to  perhaloolefins  is  un- 
doubtedly directed  since  in  each  case  only  one  product  was 
formed.  This  would  not  be  expected  if  the  reaction  involved 
a free-radical  mechanism.  The  polar  nature  of  the  reactants 
could  be  expected  to  effect  a directed  addition  and  such  an 
explanation  is  adequate  for  the  perfluoropropene  reactions 

CF,CF=CF,  + XOCIO,  - CFjCFXCFjCIO, 

However,  the  adducts  of  chlorotrifluoroethvlene  are  not  in 
keeping  with  this  rationale.  Here  the  only  product  that  was 
isolated,  observed  by  19F  nmr  or  indicated  by  derivative  for- 
mation, was  the  opposite  of  that  predicted  by  polarity  con- 
siderations. Numerous  examples  of  polar  additions  to 
C1CF=CF2  have  been  documented.22  Usually  a mixture  of 
isomers  results  with  the  relative  amounts  dependent  on  spe- 
cific reaction  conditions.  Lacking  radical  conditions  the 
major  and  sometimes  only  product  is  that  expected  from  a 

(19)  C.  J.  Hoffman,  Fluorine  Chem.  Rev.,  I,  167  (1968). 

(20)  W.  S.  Urey,  Jr.,  and  J.  B.  Hynei,  Fluorine  Chem.  Rev.,  2. 

118  (1968). 

(21)  J.  R.  Majer,  Advert.  Fluorine  Chem.,  2,  60  (1961). 

(22)  R.  D.  Chambers  and  R.  H.  Mobba,  Advan.  Fluorine  Chem., 

4,  81  (1965). 
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simple  polar  addition.  No  examples  are  known  to  us  in 
which  the  alternate  adduct  is  the  sole  product.  Obviously  a 
dominant  control  is  operating  but  its  explanation  at  this 
point  would  be  purely  speculative. 

The  overall  stability  of  the  perhaloalkyl  perchlorates  is 
much  superior  to  that  of  analogous  -OC1  compounds.23 
Qualitative  tests  showed  that  no  decomposition  of 
CF3CFCICF2CIO4  occurred  on  heating  in  stainless  steel  at 
100°  for  72  hr  after  an  initial  passivating  effect.  At  180° 
complete  decomposition  in  24  hr  produced  mainly 
CF3CFCICOF  with  a small  amount  of  COF2 , indicating  little 
carbon-carbon  rupture.  No  decomposition  of 
C1CF2CFC1C104  was  observed  after  24  hr  at  70°  but  com- 
plete decomposition  was  found  after  72  hr  at  100°  giving 
CICFjCOF,  FCIO3,  Cl2,  and  02.  The  compound 
CF3CFCICF2CIO4  was  insoluble  and  unaffected  by  water  at 
ambient  temperature. 

Alkali  metal  fluoride  catalyzed  decomposition  of  the  per- 
chlorates paralleled  reported2-24  reactions  of  similar  fluorc- 
sulfate  materials.  The  fluorosulfates  produce  carbonyl  com- 
pounds and  S02F2  while  the  perchlorates  gave  carbonyl  com- 
pounds and  FCIO3  or  mixtures  of  FC103,  CI2,  and  02.  Per- 
chlorates containing  RjCF2C104  structures  generated  essen- 
tially quantitative  amounts  of  FC103.  Perchlorates  with 


(23)  C.  J.  Schack  and  W.  Maya,  J.  Amer.  Chem.  Soc..  9 i 2902 
(1969). 

(24)  M.  Luatig  and  J.  K.  Ruff,  Jnorg.  Chem..  3,  287  (1964). 
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RfCFCICIO*  structures  gave  variable  mixtures  of  FCIO3,  Cl2, 
and  02.  Either  type  of  perchlorate  was  completely  de- 
graded to  the  respective  acid  fluoride  and  was  of  great  assis- 
tance in  characterizing  the  perchlorates 

F 

1 

Rf-C-OCIO,  - RjCOF  (X  = F,  Cl) 

X 

Reactions  of  the  RfCFClc'lOa  compounds  did  not  yield  any 
acid  chlorides  and  therefore  some  fluorination  by  the  metal 
fluoride  must  have  occurred  before  or  after  the  elimination 
of  CIO3. 

Registry  No.  CF3CF=CF2>  j 16-15-4;  C1204,  27218-16-2; 
CF3CFC1CF2C104,  38 1 26-25-9;  BrC104,  32707-10-1;  CF,CF- 
BrCF2ClG4,  38126-26-0;  CF2=CFC1, 79-38-9;  C1CF2CFC1C1- 
04,  38126-27-1 ; BrCF2CFClC104,  38217-36-6;  C2F4  116- 
14-3;  C1CF2CF3C104,  38126-28-2;  C1CF=CFC1,  598-88-9- 
C12CFCFC1C104,  38126-29-3;  CF2=CFCF=CF2,  685-63-2; 
2-chlorotetrafluoropropionyl  fluoride,  28627-00- 1 ; CFjCF- 
BrCOF,  6129-62-0;  dichlorofluoroacetyl  fluoride,  354-18-7- 
ClCF3COF,  354-27-8,  BrCF2COF,  38126-07-7. 
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The  C1F/  cation  was  prepared  in  the  form  of  itn  PtF,'  salt  from  the  reactions  of  PtF,  with  either  FCK),  or  C1F,.  A dis- 
placement reaction  between  ClF,*PtF,"  and  FNO  at  -78°  yielded  only  C1F,  and  F,,  indicating  that  C1F,  cannot  exist  under 
the  given  reaction  conditions.  Attempts  were  unsuccessful  to  prepare  C1F,*BF,'  by  low-temperature  glow  discharge  of  a 
QF,-F,-BF,  mixture,  to  prepare  CIF,"  salts  from  C1F„  F„  and  the  Lewis  acid  SbF,,  AsF,,  or  BF,  at  elevated  tempera- 
ture! and  pressures,  or  to  prepare  ClF,0*  salts  either  from  ClF,0  and  PtF,  or  from  C1F,0,  F,,  and  SbF,.  Iridium  hexa- 
fluoride was  found  to  be  toe  weak  an  oxidizer  to  produce  any  heptavalent,  chlorine-containing  cations  from  FCIO,. 

Vibrational  spectra  were  recorded  for  FtF,*  salts  of  C1F,‘,  C1F,‘,  C1F,\  C1F,C/,  ClFfl*.  and  CIO,*  and  for  C10,°IrF,-. 

Modified  valence  fome  fields  were  computed  for  the  C1F,*,  PtF,',  and  IrF,'  ions. 


Introduction 

Two  preliminary  note*  on  the  synthesis  of  ClF6*PtF6“ 
front  PtF«  and  chlorine  fludrides  or  oxyfluorides  have  re- 
cently been  published.* ,2  and  the  identity  of  C1F4*  was 
established  beyond  doubt  by  **F  nmr  spectroscopy. 2,3 
The  C1F4*  cation  is  of  particular  interest  fqr  two  reasons: 

(1)  except  for  the  recently  diacdvered  C102Fj*  cation,4  it  is 
the  only  known  heptavalent  chlorine  cation  and  (2)  in  addi- 
tion to  the  NFs*  salts, it  it  the  only  known  example  of 
the  synthesis  of  a fluoro  cation  derived  from  hitherto  un- 
known compounds  (le„  NFS  and  CIFt,  respectively).  In 
this  paper,  we  give  a full  account  of  the  synthesis,  vibrational 
spectrum,  and  force  constants  of  the  C1F<*  cation. 

Experimental  Section 

Apparatus  and  notarial*.  The  materials  used  in  this  work  were 
manipulated  hi  a v/efl-pasaivated  (with  C1F,)  304  stainless  steel 
vacuum  line  equipped  with  Teflon  FEP  U traps  and  3 16  stainless 
steel  bellow-seal  valves  (Hoke,  Inc.,  425  1F4Y).  Pressure*  were 
measured  with  a Hals*  Bourdon  tube  type  gauge  (0-1500  mm  ± 0.1%). 
Because  of  the  rapid  hydrolytic  interaction  with  moisture,  all 
materials  were  handled  outside  of  the  vacuum  system  in  the  dry 
nitrogen  atmosphere  of  a glove  box. 

The  infrared  spectra  wew  recorded  on  Perkin-Elmer  Models  337 
and  457  spectrophotometers  the  range  4000-250  cm"1.  The 
spectra  of  gases  were  obtained  using  304  vtainleis  steel  cells  of  5 -cm 
path  length  fitted  with  AgCl  window*.  The  spectra  of  solids  were 
obtained  by  pressing  two  small  .ufgle-dryJtal  platelets  of  either  AgCl 
or  AgBr  to  a disk  In  a Wilks  minlpellat  press,  the  powdered  sample 
was  placed  between  the  platelets  before  starting  the  pressing  opera- 
tion. 

The  Raman  spectra  were  recorded  on  either  a Cary  Model  82  or 
(3  spectrophotometer  using  the  4880-  aad  6471 -A  exciting  lines, 
respectively.  Glass  molting  point  capillaries  or  clear  thin-walled 
Kel-F  tubes  were  used  as  sample  containers  in  the  transverse-viewintg- 
Uansvene-excitation  technique. 

Masa  spectra  Were  recorded  on  a Quad  300  (Electronic  Associates 
Inc.)  quadrupole  masa  spectrometer  using  a passivated  all  stainless 
steel  inlet  system. 

Platinum  hexafluoride  was  either  purchased  (from  Ozark 
Mahoning  Co.)  or  freshly  prepared  by  burning  Pt  wire  in  an  F,  atmos- 

(t)  F.  Q.  Roberto,  Inorg.  Nud.  Chen l.  Lett.,  8,  737  (1972). 

(2)  K.  O.  Christa,  frtotg.  Nucl.  Chem.  Lett.,  8.  741  (1972). 

(3)  K.  O.  Christ*,  ].  F.  Hon,  and  D.  PUipovich,  Inorg.  Chem., 

12,  44  (197  3). 

(4)  K.  O.  Christs,  Inorg.  Nud.  Chem.  Lett.,  g,  453  (1972). 

(5)  K.  O.  Christa,  i.  P,  Guartia,  and  A.  E.  Psvlath,  Inorg.  Nud. 
Chem.  Lett,  2,  43  (l  *«*)'. 

(6)  1.  P.  Gufriin,  K.  O.  rkriata,  and  A.  S-  Pavlath,  Inorg.  Chem., 

5,  t921  (1966). 

(7)  K.  O.  Chriate,  J.  P.  Guertin,  A.  E.  Pavlath,  and  W.  Sawodny, 
Inorg.  Chem.,  6.  *33  (1967). 

(4)  K.  O.  Chriate  and  D.  PUipovich,  Inorg.  Chem.,  10,  2913 
(1971). 

(9)  W.  E.  rolbaff.  R.  T.  Rcwkk,  R.  S.  Stringhaia,  anj  M.  E. 

Hill,  Inorg.  Nud.  Chem.  Lftt.'. 2,  99  ( 1966);  leorg.  Chem.,  6,  1 15* 
(1967). 


pher*  at  - 196°,  according  to  the  method  of  Weinstock  and  hia 
coworkers.1*  Iridium  hexafluoride  was  obtained  from  Ozark 
Mahoning  Co.  Prior  to  use,  both  1dF(  and  PtF,  were  purified  by 
fractional  condensation  at  - 78°  in  a dynamic  vacuum.  Arsenic 
pentafluoride  (Ozark  Mahoning  Co.)  was  purified  by  fractional  con- 
densation and  SbF,  (Ozark  Mahoning  Co.)  by  distillation.  Chlorine 
pentafluoride  (Rocketdyne)  was  stored  over  dry  CsF  to  remove  any 
OF,  and  purified  by  fractional  condensation  through  traps  kept  at 
- 1 1 2 and  - 1 26°  with  the  material  retained  at  - 1 26*  being  used. 
Fluorine  (Rocketdyne)  was  passed  over  NaF  to  remove  HF.  Chloryl 
fluoride  was  prepared  from  KCIO,  and  C1F,,11  C1F,0  by  fluorina- 
tion  of  CIONO,,*’  and  FNO  from  NO  and  F,  at  —196°.  The  purity 
of  the  volatile  starting  materials  was  determined  by  measurements 
of  their  vapor  pressures  and  iafrared  spectra. 

The  FQO,-PtF,  System.  Platinum  hexafluoride  (17-0  mmol) 
and  FCIO,  (46.1  mmol)  were  combined  at  -196°  in  a passivated 
(with  OF,)  75-ml  stainless  steel  cylinder.  The  mixture  was  allowed 
to  warm  up  slowly  to  25°  and  was  kept  at  this  temperature  for  3 
days.  The  cylinder  was  cooled  to  - 196°  and  3.75  mmol  of  material 
volatile  at  this  temperature  was  rempved  and  identified  as  F,  by  its 
vapor  pressure  and  mass  i jetrum.  The  products  volatile  at  25° 
were  separated  by  fractional  condensation  through  traps  kept  at 
-78,  - 1 26,  and  - 1 96*.  The  - 1 26*  fraction  consisted  of  FCK), 

(28.7  mmol)  and  the  -196°  one  of  FCIO,  (0.3  mmol),  C1F.  (0.1 
mmol),  and  a small  amount  of  FCIO,.  The  cylinder  contained  a 
stable  canary  yellow  solid  (6.618  g),  which  was  identified  by  infrared 
spectroscopy  as  a mixture  of  ClO/PtF,"  and  C10,F,*PtF4".  Hence, 
PtF,  (17.0  mmol)  had  reacted  with  FCIO,  (17.1  mmol)  in  a 1:1 
mote  ratio  yielding  F,  (3.75  mmol),  CiO,*PtF,*  (12.2  mmol  =■  4.594 
g),  and  CK),F,*PtF,'  (4.8  mmol  = 2.000  g)  as  the  main  products. 

Platinum  hexafluoride  (2.04  mmol)  and  FCIO,  (3.08  mmol) 
were  combined  it  -196°  in  a passivated  sapphire  reaction  tube 
(Varian,  Model  CS -4250-3).  The  reactor  was  rapidly  warmed  from 
-196  to -78°  and  kept  at -78°  tot  48  hr.  At  the  end  of  this  time 
period,  the  brown  PtF,  color  had  completely  disappeared  and  a canary 
yellow  solid  had  formed-  The  reactor  was  cooled  to  -196”  and  non- 
condensable material  (0. 33  mmol  of  O,)  was  removed.  The  product 
volatile  at  25°  consisted  of  FCIO,  (1.03  mmol).  The  yellow,  solid 
residue  weigsed  800  mg  and  was  shown  by  infrared,  Raman,  and  **F 
nmr  spectroscopy  to, be  a mixture  of  ClF,*PtF,'  and  CK),*PtF,' 
(weight  calculated  tor  a mixture  of  1.70  mmol  of  C10,*PtF,~  and 
0.34  mraal  of  ClF,°PtF,'  = 796  mg).  Hence,  PtF,  (2.04  mmol)  had 
reacted  with  FCIO,  (2.05  mmol)  in  a 1:1  mole  ratio  producing  O, 
(0.33  inmol)  and  a 1 :5  mole  ratio  mixture  of  ClF/PtF,"  and  CK>,°- 
PtF,'. 

The  C1F, -PtF,  System.  Platinum  hexafluoride  (2.70  mmol)  and 
QF,  (3.90  mmol)  were  combined  at  - 196*  in  a passivated  sapphire 
reactor.  The  mixture  was  kept  25°  for  2*  hr.  Since  the  brown 
PtF,  color  was  stil  very  intense,  the  tube  was  exposed  to  unfllteied 
uv  radiation  from  a Hanovia  Medal  6 6A  high-pressure  quartz  mercury 
vapor  arc.  After  24  hr  ofaiv  irradiation,  the  dark  brown  PtF,  color 


(10)  B:  Wainstock,  H.  H.  Claaaaen,  and  I.  G.  Malm,  J.  Amer. 
Chem.  Soc.,  79,  5432  (!9ST>:  B.  Weinstock,  1.  G.  Malm,  and  E.  E. 
Weaver,  ibid.,  83,  4310(1961). 

(I  t)  D.  F.  Smith,  G.  M.  Begun,  and  W.  H.  Fletcher,  Spectrochim. 
Acta,  20,1763(1964). 

(12)  D.  PUipovich,  C.  B.  Lindahl,  C.  J.  Schack,  R.  D.  WUaoa, 
and  K.  O.  Chriate,  Inorg.  Chem.,  1 1,  2 189  (1972). 
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had  disappeared  and  • yellow  to  brown  solid  had  formed.  The 
product  was  kept  for  12  hr  at  -20*  without  irradiation  and  its  color 
changed  to  yellow-orange.  The  reactor  was  cooled  to  - 196*  and  non- 
condensables  (2.58  mmol  of  F,)  were  removed.  The  reactor  was 
warmed  up  to  25°  and  the  volatile  products  were  separated  by  frac- 
tional condensation.  They  consisted  ofCIF,  (1.08  mmol)  and  OF, 

(0. 1 2 mmol).  The  yellow  solid  residue  weighed  1 -096  g (weight 
calculated  for  a mixture  of  0.84  mmol  of  CIF,*  PtF,'  and  1.86  mmol 
of  QF,*I1F»*  is  1 .097  g).  The  identity  of  this  solid  as  ClF,*PtF,-  and 
C3F,*PtF,'  was  verified  by  '*F  nmr,  infrared,  and  Raman  spectroscopy. 
Hence,  PtF,  (2.70  mmol)  had  reacted  with  OF,  (2.70  mmol)  pro- 
ducing CIF.*PtF,-  (0.84  mmol),  CIF,*  PtF,'  (1.86  mmol),  and  F, 

(2.46  mmol).  In  addition,  some  of  the  CIF,  (0. 1 2 mmol),  which  had 
been  used  in  excess,  had  decomposed  to  C1F,  and  F,. 

In  a second  experiment,  PtF,  (5.26  mmol)  and  C1F,  (8.02  mmol) 
were  combined  at  - 196*  in  a sapphire  reactor.  The  mixture  was 
exposed  at  ambient  temperature  to  uv  radiation  from  a Hanovia 
Model  616A  high-pressure  Hg  arc  using  a Pyrex-water  filter.  After 
14  days  of  irradiation,  the  PtF,  color  had  disappeared  and  a yellow 
to  orange  solid  had  formed.  The  volatile  products  consisted  of  F, 
(0.23  nunol),  C1F,  (3.23  mmol),  and  a trace  of  C1F,.  The  solid 
residue  weighed  2.245  g end  was,  according  to  its  infrared  spectrum, 
a mixture  of  QF,*PtF,~  and  ClF,*PtF,'.  It  appears  that  owing  to  the 
long  reaction  time  and  uv  irradiation,  some  PtF,  (0.46  mmol  as 
indicated  by  the  F,  evolution  and  by  the  weight  of  the  solid  reac- 
tion product)  had  reacted  with  the  container  walls.  Hence,  PtF, 

(4.80  tomol)  had  reacted  with  C1F,  (4.79  mmol)  producing 
ClF/PtF,'  (2.40  mmol)  and  OF,*PtF,'  (2.40  mmol).  The  ob- 
served weight  of  the  solid  product  (2.245  g)  agreed  well  with  that 
calculated  (2.252  g)  for  the  above  reactions. 

Displacement  Reaction  between  FNO  and  OF.* PtF,'.  To  a 
mixture  (0.390  g)  of  ClF,*PtF,'(0.30  mmol)  and  ClF,*PtF,'  (0.66 
mmol)  in  a passivated  Teflon-FEP  ampoule,  FNO  (6.75  mmol)  was 
added  at  - • 196*.  The  contents  of  the  ampoule  were  kept  at  - 78* 
for  12  hr.  The  ampoule  was  cooled  to  -196*  and  F,  (0.28  mmol) 
was  removed.  The  products  volatile  at  ambient  temperature  were 
separated  by  fractional  condensation  and  consisted  of  FNO  (5.76 
mmol),  C1F,  (0.64  mmol),  and  C1F,  (0.27  mmol).  The  yellow, 
solid  residue  weighed  0.329  g (calculated  weight  for  0.96  mmol  of 
NO*PtF,'  is  1.326  g)  and  was  identified  by  its  infrared  spectrum  si 
NO*PtF," 

Reaction  between  dF,0  and  PtF,.  Platinum  hexafluoride 
(1.87  nunol)  and  C1F,0  (4.71  mmol)  were  combined  at  - 196*  in  a 
sapphire  reaction  tube.  When  the  mixture  was  allowed  to  warm  to 
25*.  c rapid  reaction  with  gas  evolution  occurred  and  the  characteristic 
PtF,  color  disappeared  within  a few  minutes.  The  mixture  was  kept 
at  25*  for  several  hours  and  was  then  cooled  to  - 196*.  Fluorine 
(0.78  mmol)  was  removed  at  -196*  and  C1F,0  (2.05  mmol),  CIF, 

(0.14  mmol),  and  FCtO,  (0.48  mmol)  were  removed  at  25*.  The 
canary  yellow  residue  weighed  0.749  g (weight  calculated  for  1.87 
nunol  of  ClF,0*PtF,"  is  0.746  g)  and  was  identified  as  ClF,0*PtF,' 
by  its  infrared,  Raman,  and  “F  nmr  spectrum. 

In  another  experiment,  PtF,  (2.12  mmol)  and  C1F,0  (5.51  mmol) 
were  allowed  to  interact  at  -45*  for  1 2 hr.  The  volatile  products 
consisted  of  F,  (1.60  mmol),  ClF,0  (3. 35  mmol),  FC10,  (0.07  mmol), 
and  a small  amount  of  CIF,  and  PtF,.  The  yellow  solid  residue 
weighed  0.837  g (weight  calculated  for  2.12  mmol  of  ClF,0*PtF,' 

* 0.845  g).  The  infrared  spectrum  of  the  solid  showed  it  to  be 
mainly  ClF,0*PtF,'  but  also  revealed  the  presence  of  smaller  amounts 
of  C10,F,*  and  CIF,*  ults. 

Reaction  between  FOO,  and  to,.  Chloryl  fluoride  (2.57  mmol) 
and  IrF,  (1.96  mmol)  were  combined  at  - 196*  in  a sapphire  reactor. 
The  mixture  was  kept  at  -78*  for  48  hr  and  then  cooled  to  - 196*. 

All  products  were  condensed  at  this  temperature.  At  25*.  a'most 
all  of  tho  starting  materials  were  recovered  unchanged  except  for 
0.01 1 g of  a yellowish  solid  which  was  identified  by  its  infrared 
spectrum  as  C10,*IrF,~.  The  uertacted  starting  materials  were  con- 
densed back  into  the  reactor  tad  kept  at  25*  for  1 1 days.  After 
this  period,  the  product  still  showed  the  original  brown  color  but 
had  partially  solidified.  The  mixture  was  cooled  to -196*  at  which 
temperature  0.03  mmol  of  aoncondsa table  material  was  removed. 

The  material  volatile  at  25*  romtoted  of  IrF,  (1.12  mmol),  FQO, 

(1.88  mmol),  and  CIF,  (0.21  nunol).  The  yellow  crystalline  solid 
weighed  0. 147  g (0.39  mmol)  sad  wu  identified  by  Infrared  and 
Raman  spectroscopy  as  CK>,*IrF,". 

Attempted  Synthetic  of  OF,*SbF,-  OF,*A*F,',  OF/tF,',  end 
OF,0*5bF,'.  When  mixtures  of  CIF,,  F,,  and  AsF,  in  different 
mole  ration  were  heated  in  Mosul  cylinders  for  5-10  days  at  125- 
145*  under  autogenous  pressures  of  500-1000  pri,  only  unreected 
starting  materials  were  recovered  in  addition  to  very  small  amounts 
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of  metal  AsF,'  salts.  Heating  the  mixture  to  160*  resulted  in  partial 
breakdown  of  CIF,  to  CIF,  and  Fa. 

Heating  a BF„  F,,  and  CIF,  mixture  (mole  ratio  1 :2.7:2)  for  8 
days  to  95*  under  an  autogenous  pressure  of  4S0  pti  did  not  result 
in  the  formation  of  a solid  product. 

Mixtures  of  CIF,,  F„  and  SbF,  (mole  ratio  1:5:3)  were  heated 
for  3-40  days  in  Monel  cylinders  at  140-225*  under  autogenous 
pressures  of  ~1 000  psi.  At  140*  and  3 days'  reaction  time,  no  F, 
consumption  was  observed.  At  160*  and  25  days’  reaction  time, 

6.5%  of  the  F,  used  wu  consumed  due  to  attack  on  the  cylinder. 

The  solid  product  was  a mixture  of  CIF,*,  CIF,*,  Nl'*,  and  Cu** 
salts  of  SbF,"  xSbF,.  Controlled  vacuum  pyrolysis  of  this  solid 
resulted  in  the  evolution  of  CIF,  at  lower  and  of  CIF,  at  higher 
temperatures.  The  composition  of  the  solid  residues  of  this 
stepwise  pyrolysis  was  monitored  by  infrared  and  Raman  spec- 
troscopy. It  wu  shown  that  the  more  stable  component  having 
strong  absorptions  in  the  infrared  and  Raman  spectra  at  825  and 
836  cm'1  generated  only  OF,  when  heated  in  the  presence  of  CsF. 
When  the  reaction  between  C1F„  F„  and  SbF,  wu  carried  out  at 
225°,  QF,*SbF,'  wu  formed  with  F,  evolution. 

Glow  discharge  of  s BF,,  F,,  and  CiF,  mixture  (mole  ratio 
1:1.42:1)  at -78*  in  a Py rex  apparatus  at  pressures  ranging  from 
20  to  50  mm  produced  only  C1F,*BF,*  end  no  CIF,*  salt. 

Heating  a mixture  of  C1F,0,  F„  and  SbF,  (mole  ratio  1:10:5) 
in  a Monel  cylinder  to  135*  for  6 days  under  an  autogenous  pres- 
sure of  600  psi  produced  exclusively  ClF,0*SbF,'-xSbF,. 

Rr suits  and  Discussion 

Synthesis  of  CIF/  Salts.  Complex  fluoro  cations  of  the 
type  XFy_/  are  generally  prepared  through  fluorine  ab- 
straction from  the  parent  compound  XFy  by  means  of  a 
strong  Lewis  acid.  T his  was  first  demonstrated  in  1949 
by  Woolf  and  Emeleus11  for  BrF, 

BrF,  + SbF,  - BrF,*SbF,'  (1) 

The  synthesis  of  a fluoro  cation  from  a lower  fluoride,  ac- 
cording to 

XF  + F‘~  XF,*  (2) 

is  preempted  by  the  fact  that  fluorine  is  the  most  electro- 
negative element.  Hence,  F*  should  be  extremely  difficult 
if  not  impossible  to  prepare  by  chemical  means.  The  first 
and  only  known  synthesis  of  a fluoro  cation  derived  from  a 
nonexisting  parent  compound  was  achieved*’9  in  1966, 
according  to 

NF,  + F,  + AsF,  - NF/AsF,'  (3) 

This  synthesis  involved  either  glow  discharge*  or  elevated 
temperature  and  pressure.9  Since  tetrahedral  and  octahedral 
species  exhibit  outstanding  stability,  as  demonstrated  by 
CF«  and  SF6,  the  successful  synthesis  of  NF/  suggested  the 
feasibility  of  synthesizing  CIF/  salts. 

The  application  of  glow  discharge  to  the  synthesis  of 
CIF/  salts  is  limited  to  the  CIFj-Fj-BFj  system.  Stronger 
Lewis  acids,  such  as  AsF*,  form  adducts  with  ClFj,'*  thus 
preventing  the  use  of  the  low-temperature  glow-discharge 
technique.  In  the  case  of  BF3 , we  did  not  successfully 
prepare  C1F/BF/,  owing  to  rapid  breakdown  of  C1F$  to 
CIF}  and  Fa,  followed  by  removal  of  the  C1F3  from  the  gas 
phase  by  complex  formation  with  BF3.‘*  The  possible 
utility  of  the  second  technique,  involving  elevated  tempera- 
ture and  pressure,  for  the  synthesis  of  CIF/  salts  was  also 
examined  with  BF3,  AsF* , or  SbFs  as  Lewis  acids.  At  lower 
temperatures,  no  fluorination  of  CIFS  occurred,  whereas  at 
higher  temperatures,  breakdown  of  CIF*  to  C1F3  and  Fa  was 
observed.  Since  CIF/  salts  are  thermally  more  stable  than 
the  corresponding  CIF/  salts,  ClFj  was  continuously  re- 
moved from  the  CIF*#  ClFj  4-  Fj  equilibrium  by  complexing 
until  essentially  all  the  ClFj  was  converted  to  CIF/  and  Fj. 

( 1 3)  A.  A.  Woolf  U4  H.  J.  Ewsisoi.  /.  Chsm.  Soc.,  1MWIHI). 

(14)  K.  O.  Christ*  and  D.  Pilipovich, Imtrg.  Chmm..  S,  ii*l  (IMS). 

(15)  H.  SsUgMd  J.  Shamir,  Akw*.  Chtm.,  3.  3*4(19*4) 
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Since  the  techniques  which  had  successfully  been  used  for 
the  synthesis  of  NF/  salts  did  not  result  in  CIF/,  other 
fluorinating  agents  were  investigated.  Of  particular  interest 
were  the  third  transition  series  hexafluorides  which  exhibit 
an  astonishing  oxidizing  power.16  It  was  found17  that 
PtF*  and  FCIO],  when  combined  at  -196°  and  allowed  to 
warm  up  slowly  to  25°,  interacted  according  to 

2FC10,  + 2PtF,  - O0,F,*PtF4-  + CSO/PtF,*  (4) 

The  yield  of  CIQjF/  was  not  50%  as  expected  from  the 
above  equation,  but  generally  about  25%  owing  to  the 
competing  reaction 

2 FCIO,  + 2PtF„  - 200,‘PtF/  + F,  (5) 

In  some  of  the  experiments,  small  amounts  of  ClF/PtF/ 

(see  below)  or  CIF*  and  FCIO]  were  observed,  depending 
on  the  exact  reaction  conditions.  The  formation  of  some 
FCIO]  is  not  surprising  since  it  is  known  that  FCIO] 
readily  interacts  with  nascent  oxygen  to  yield  FCIO].16,19 

Attempts  to  suppress  the  competing  reaction  (eq  5)  by 
changing  the  reaction  conditions  (rapid  warm-up  from 
- 196  to  -78°  and  completion  of  the  reaction  at  -78°) 
resulted  on  one  occasion  in  an  entirely  different  course  for 
the  reaction 

6FC30,  + 6PtF4  - 500,*  IF/  + CIF.’PtF,  +■  O,  (6) 

The  observed  material  balance  was  in  excellent  agreement 
with  eq  6 and  the  identity  of  CIF/  was  unequivocally  estab- 
lished by  WF  nmr  spectroscopy.3  Further  modification  of 
the  reaction  conditions  (rapid  warm-up  of  the  FCIO]  -PtF* 
mixture  from  -196  to  either  -78  or  25°  and  completion  of 
the  reaction  at  25°)  did  not  produce  detectable  amounts  of 
either  C102F/  or  ClF/PtF/,  but  only  ClO/PtF*'  and 
C1F] , F] . and  O] . This  indicates  that  the  nature  of  the 
reaction  products  is  more  influenced  by  the  warm-up  rate 
of  the  starting  materials  from  - 196  to  about  -78°  than  by 
the  final  reaction  temperature.  Slow  warm-up  favors  the 
formation  of  ClOjF/,  whereas  rapid  warm-up  yields  CIF/ 
or  ClFj  and  Fj . The  above  results  for  the  FClOj-PtF*  sys- 
tem indicated  that  ClFj  might  be  an  important  intermediate 
in  the  formation  of  OF/.  In  order  to  prove  the  correctness 
of  this  assumption  and  in  order  possibly  to  increase  the  yield 
of  OF**,  which  according  to  eq  6 can  be  at  best  one-sixth 
based  on  PtF*,  we  have  studied  also  the  CIF, -PtF*  system. 
For  the  latter  system,  Roberto  reported1  the  formation  of  a 
OF/  salt.  Owing  to  the  slow  reaction  rates  in  the  C1F,- 
PtF6  system,  we  have  used  uv  radiation.  Two  reactions  were 
carried  out  at  25”.  When  unfdtered  uv  radiation  was  used, 
the  reaction  was  complete  in  several  hours,  according  to 

20F,  + 2PtF,  Uaf^*^aF,-PtF.-  + ciF,*PtF«-  + F,  (7) 

and 

20F,  + 2PtF4  -*  2dF,*PlF,-  + 3F,  (8) 

The  relative  contributions  from  (7)  and  (8)  were  62  and  38%, 
respectively.  In  addition,  some  of  the  C1F»,  which  had  been ' 
used  in  excess,  was  recovered  in  tire  form  of  C1F]  and  Fj. 

Using  a Pyrex-water  filter,  a reaction  time  of  2 weeks  was 
rebuked  with  the  products  being 

2QF,  + 2PtF„  rrnX^^*  OF.’PtF,-  + C!F,‘PtF/  (9) 

(16)  N.  Bartlett,  Amtw.  Cktm.,  tut.  Ed.  Bi*L,  7, 433  (1968). 

(17)  K.  O.  Christa,  Aoiy.  A fuel  Cktm.  Lttt.,  8,  4S7  ( 1972). 

(IS)  R.  Boufoa,  IS,  Carlas,  and  J.  Aubert,  C.  R.  Acad.  ScL,  Str. 

C,  26S,  179(1967). 

(19)  K.  O.  Christa.  Inorg.  Chtm.,  II.  1220(1972). 


Since  unflltered  uv  light  can  decompose  ClFj  into  CIF)  4- 
F]  30  and  since  CIF]'*’  salts  are  more  stable  than  CIF/  salts,14 
the  displacement  of  CIF/  by  ClFj,  observed  for  (7),  is  not 
surprising.  The  identity  of  the  CIF/  salt  obtained  from  the 
FClOj-PtF*  system  with  that  from  the  ClFj-PtF*  system  was 
established  by  infrared,  Raman,  and  19F  nmr  spectroscopy. 
The  unusual  nature  of  these  reactions  and  products  ask  for 
a possible  rationalization.  In  spite  of  the  complexity  of  the 
FClOj-PtF*  system,  the  following  assumptions  appear 
plausible. 

(a)  An  initial  electron  transfer  from  FCIO]  to  PtF6  may 
take  place  according  to 

FCIO,  + PtF.  - FCKVPtF,*  (10) 

(b)  The  resulting  FCIO]  •*  radical  cation  could  either 
stabilize  by  generating  an  active  fluorine  radical,  according 
to 

FCIO,  *PtF.'  -ClO/PtF."  + F (11) 

or  act  itself  as  .he  active  fluorinating  agent,  depending  upon 
the  relative  lifetimes  of  these  two  radicals.31 

(c)  In  both  cases  (F-  or  ClOjF* +),  the  radical  might  react 


either  with  PtF*  with  Fj  evolution 

F + PtF,  - F,  + PtF,  (12) 

followed  by 

PtF,  + FCIO,  - CIO, ‘PtF/  ( 1 3) 

or  with  FCIO] 

FCIO,  + F-F,C10,-  (14) 

(d)  The  resulting  F3C10]  - radical  could  readily  stabilize 
by  transfer  of  an  electron  to  PtF* 

F,C10,  ■ + PtF.  -*  00,F,*PtF4*  (15) 


This  sequence  would  account  for  the  formation  of  ClOjF/ 
and  for  the  competitive  F3  evolution  reaction.  Similarly, 
the  formation  of  CIF6*  from  CIF*  and  PtF6  might  involve  an 
intermediate  CIF,  -*  radical  cation  and  suggests  a search  for 
radical  cations  in  these  systems.  The  formation  of  CIF/ 
from  FCIO]  might  involve  either  an  intermediate  CIF, 
molecule  or  the  direct  fluorination  of  C10>F/  to  CIF/.  A 
definitive  answer  to  these  interesting  questions  concerning 
the  most  important  intermediates  is  beyond  the  scope  of  the 
present  study. 

Properties  of  CIF/  Salts.  The  ClF/PtF/  salts  are  canary 
yellow  solids.  They  were  stored  at  25°  in  Teflon-FEP  con- 
tainers for  several  months  without  noticeable  decomposi- 
tion and  formed  stable  HF  solutions.  They  are  very 
powerful  oxidizers  and  react  explosively  with  organic 
materials  or  water.  Contrary  to  a previous  statement,1  no 
evidence  was  found  during  our  investigation  that  the  CIF/ 
salts  themselves  can  be  explosive. 

The  Question  of  the  Exigence  of  C1F7.  A displacement 
reaction  between  ClF/PtF/  and  FNO  was  carried  out 
under  conditions  similar  to  those  which  had  successfully 
been  used  for  the  synthesis  of  ClFjOj  from  ClOaF/PtF/ 
and  FNO.4  Since  ClF/PtF/  can  be  considered  as  a Lewis 
acid  adduct  between  C1F7  and  PtF,,  the  products  from  the 

(20)  A.  E.  Axworthy,  private  communication. 

(21)  Whan  the  reaction  between  FCIO,  and  PtF,  was  csfriad  out 
at  low  temperature  la  an  inert  eatvant  such  * BrF,  or  FCIO, , no 

. detectable  amounts  of  CIO,  F,‘  war*  formed  with  tha  only  products 
bains  CtO,’PtF,'  and  F,.  One  mi|ht  aspect  a fluorine  radical  to 
have  a comparable  lifetime  in  either  excess  FCIO,  or  the  aatvsnta 
FCIO,  or  BrF„  whereas  a FCIO,  ’ rndicri  could  atabiliae  itself  by 
rapH  htermolecular  exchange  with  FOO,  only.  Therefore,  the  leek 
of  CIO,  F,*  fermatioo  la  FCIO,  or  BrF,  solution  strongly  aassmta 
that  the  FOO,  ■*  cation  la  the  activt  fluoridation  scent. 


! 


The  Hexafluorochlorine(VII)  Cation 
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Figure  1.  Infrared  spectra  of  the  solid  products  obtained  from  the 
following  react 'ons:  trace  a,  displacement  reaction  between  FNO 
and  a mixture  of  CIF,*PtF,~  *od  ClF,*PtF,";  traces  b and  c, 

FCIO,  + PtF,  at  25  and  -78s,  respectively;  traces d and  e,  OF, 
and  FtF,  uaing  un filtered  and  filtered  uv  radiation,  respectively ; 
trace  f,  FCIO,  4 IrF,  at  25s.  All  spectra  were  recorded  as  pressed 
AgBr  disks,  except  for  trace  c for  which  a AgCl  disk  was  used 

FNO  displacement  reaction  allow  some  conclusion*  con- 
cerning the  stability  of  the  hypothetical  compound  C1F7. 
The  following  results  were  obtained  for  the  displacement 
reaction 


-78s 

- + FNO ► NOW,'  + C1F,  + F, 

cates  that  C1F7  under  the  given  res 


This  indicates  that  C1F7  under  the  given  reaction  conditions 
(-78°)  cannot  exist. 

Iridium  Hexafluoride  Reactions.  Replacement  of  PtF6 
by  IrF*  in  the  FCIO*  reaction  di<  ’ not  result  in  an  oxidative 
fluorination  of  CK+V)  to  C1(+VII).  At  25°  and  long  reac- 
tion times,  only  ClO/IrF*-  and  C1F5  were  formed  in 
moderate  yields.  This  demonstrates  that  IrF*  is  a weaker 
fluorinating  oxidizer  than  PtF*  as  has  previously  been 
demonstrated  by  Bartlett.1* 

Attempted  Synthesis  of  QF«0*  Salts.  The  successful 
syntheses'  •*•*  of  the  C102F2*  and  the  C1F**  cation  suggested 
the  possible  synthesis  of  the  intermediate  CIF4O*  cation 
from  ClFjO  and  PtF*.  At  25°,  the  main  reaction  was 

2OF.0  + 2FtF,  — ► 2OF,0*PtF,'  + F,  (17) 

In  addition,  small  amounts  of  FCIO]  and  C1FS  were  observed 
among  the  volatile  reaction  products.  When  the  reaction 
temperature  was  lowered  to  -45°,  the  main  products  were 
a^ain  ClFjO*PtF*'  and  F* . However,  tmali  amounts  of 
CiOaFj*  and  ClF**PtF*-  had  also  formed.  No  evidence  for 
the  presence  of  any  C1F<0*  could  be  obtained.  This  sug- 
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Figure  2.  Raman  spectra  of  some  of  the  solid  products  shown  la 
Figure  1 using  the  same  notations.  All  spectra  were  recorded  for 
dry  powders  in  glass  melting  point  capillaries,  using  the  647 1-A 
exciting  line  on  a Cary  Model  82. 

gests  that  tetrahedral  ClFjOj*  and  octahedral  C1F**  are 
more  favorable  products  than  the  pseudo  trigonal-bipyra- 
midal  CIF4O*.  The  formation  of  small  amounts  of  ClOjFi* 
tnd  CIF/  (or  FCIO]  and  ClFj)  might  be  due  either  to  the 
decomposition  of  an  unstable  intermediate,  such  as  CIF4O*, 
into  CIOjFj*  snd  CIF**,  or  at  least  partially  to  the  forma- 
tion of  some  FCIO]  from  the  difficult  to  handle  ClFjO.12 
Attempts  to  synthesize  ClF^SbF*'  from  ClFjO-Fi-SbFj 
at  elevated  temperature  and  pressure  produced  exclusively 
ClFJ0*SbF*'xSbF5.1“ 

vibrational  Spectra.  The  infrared  and  Raman  spectra  of 
the  solid  reaction  products  are  shown  by  Figures  1 and  2, 
respectively.  The  spectrum  of  ClF]0*PtF«'  was  identical 
with  that  previously  reported32  and,  hence,  is  not  depicted. 

(21s)  Not*  Added  in  Proof.  Th*  CtF,0-PtF,  r« actio*  was  also 
itudiad  at  low  tsmparatura  in  tilhsr  FCIO,  or  BrF,  solution.  Fur- 
thsrmors  ths  latmctiwi  b*lw**n  C«*CIF,0'  and  PtF,  was  lavaati- 
ist*d  slttwr  in  tka  abaanct  of  a aoivant  or  in  FCIO,  solution,  la  sR 
cat**  th*  solid  raaetioo  product  was  aFtO*HFt’. 

(22)  C.  i.  Sc  hack,  C.  B.  Lindahl,  D.  PWpovteh,  and  K.  O.  Christa, 
Inorg.  Chtm.,  II,  2201  (1972). 
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Table  I.  VferationaJ  Spectra*  of  Swml  PtF,'  Salts  and  of  00,‘lrF,'  and  Their  Assignment 
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is  Cmi«  foe  PtF,'  in  Oh 


3266  taw 
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}*HO) 

23401- 
2360)  w 
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Iff*  l. 

P,  (B.)  QFjO,* 
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P,  (F  tu)  PtF,' 

1470  J 

1299  (0.6) 
1266  (0.17) 

•30  vw.br 
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644(10) 

Vi  (Ajf)  HF* 

1*451, 

1*57  f 

1246  (0+) 

|p,  (A,)QF,0,* 

670  s 

669  (0+) 

670  (2) 

| p,  (Eg)  PtF,' 

1210  ir 

Vj  4*  V)  (Fiu  + Fju)  FiF|" 

296  mw) 
269  MS  | 

P,  (Fiu)  PtF,' 

1062  s 
1047  m 

1061  (2.7) 

} p,  (a,)  ao,* 

•27  s 

p.  (B.)  CIF.O, * 

249  (4)f 
236  ah  l 

P«  (F m)  PtF,' 

766  a 

640  vs 

764  (0.1) 
617  (2.6) 

p,  (A,>  ar,o,* 

P|  (Ftu)  PtF, 

642  (10) 

p,  (Am)  PtF,' 

660  w 
663  s 

664  (1.3) 
662(1.3) 

I Pi  (Eg)  PtF, 

630  th 

614  (0.4) 

IPs  (A,).P,  (B,).P,  (B,)CIF,0,* 

614  s 

Jp,  (A,>ao,* 

264  ml 
266  t f 

239  (2.9) 

P,  (Fiu)  PtF,' 

P,  (Fm)  PtF,' 

160  (0+) 

P*  (fiu)  F*F, 

CIO,*.  ClF,*PtF,' 


C1F,*,  ClF,*PtF,* 


Obed  rtroa,  < 


Ir 

1*40) 
2320)  w 

1247  vs 

1299  (0.3) 

1243, 
1210  w 

1266  (0.1) 

1063  s 
1040  m 
•90s 

1064  (2.0) 

*40)  vs 

679  (0.6) 

•20) 

616  (6.1) 
•44  (10) 

660  ma 

666(1.6) 

662  s 

664  (2.6) 

616  s 

616  (0.6) 
240(4-6) 
166  (0.2) 
130  (0.1) 
•6  (1.0) 

Alignment  for  CIO,*  ia  Cm, 
for  C1F.*  sad  PtF,'  la  Oh 


Obod  (n«,  tan' 


Ramon 


Assignment  tor  C1F,*  ia  Cm, 
for  C1F,*  and  PtF,'  la  Oj, 


v,  + p,  (Bt)  CIO,* 

J p,  (B.)  ao,* 

J,  + ■>,  <F  iu  + Fai)  PtF,' 
l p,  <a,j  ao,* 

P.  <F,u)  CIF.* 

p.  (a,,)  ar/  . 

In,  (Fiu)  PtF, 

vi  (Am) PtF,"- 

l p,  (Eg)  PtF," 

P,  (A.JCJO,*,  v,  (F,g)ClF,* 
P,  (Fa)  PtF,' 

P.  <F«i)  PtF,' 

| Lattice  vtb 


1676  w 
1664  w 
1610  w 

i2»tr_ 

1244  fw 

1240  I 
1216  i 
1160  vw 
660  va 
769  va 
766  va 

72*  vw 


•66  va,  br 


666  a br  662 


799  Cl. 6) 
766  (3.0) 
764  (1) 

704  (0+) 
679  (1.0) 
661  (0+) 
661  (2.6) 
639  (10) 
630  ah 


»i  + p,  (B,)C1F,* 

Pi  + n,  (Fiu)  CIF 

n,  + P,  (F,u  + FA)  OF,* 

p,  (Bj)  CIO, 

Pi  + n,  (Fiu)  PtF,' 
n,  + p,  (F  iu  + F«l)  PtF, 
P,  + P»  (F,u  + F,u)  CIF,* 
Pi  + p,  (A,)  C1F, 

P,  (F.u)  C1F, 
n,  (Bi ) C1F , 

} Pi  (A.)CIF,* 

p,  + v,  (F,u  + F,u)  PtF,* 

p.  (Am)  OF.* 
r Ps  (F ,u>  PtF,* 

% SW 


(0.6) 


610  w.  *ta 
476  w.  *h 
381  ( 

376  d, 
304  m 
266  s 


676 
661  (3.1) 
613(0.3]> 

361  (0.3) 

300  (0.3) 
262  (0.2) 
249  (3.2) 
236  ih 
229  (2.6) 
170  (0.3) 
101  (0.9) 
72  (0.3) 
64  (1.6) 
42  (1.6) 
24  (0.4) 


I- 


Ps  (*g)  Pt F.' 
n,  (F*)  OF,* 

v,  (A,)  C1F,* 
n,  (F,u)PtF,* 

}n.  (F*)  PtF,' 
»,  (Fat)  PtF," 

llmtUoavlb 


CIF  jO*  PtF," 

CIF,*,  CIF,*  PtF,' 

CK),*IrF,- 

Obed  trst, 

Obed  fraq.  ess'1  a-,, ir~r.r.n*  «*■" 

Asstgament  for  CIF,*  ia  Cw. 
for  CIF,*  and  PtF,'  ia  Oh 

Obed  treq,  ear’ 

AarilUMaUaf 

C m 

Ir  Waaaan  in  C,,  for  PtF,'  in  Oj,  Ir 

Ir  Baaaaa 

for  IrF,'  ia  i), 

1313  mw 
737  a 
706  s 
•43  vs 


644  a 

•06s 

401  ms 


1311  (0.2) 
767  (2.7) 
706  (0.6) 
666  (4.2) 
•60(10) 


676  ab 
644  (2.6) 
604(0.6) 
401  (0.7) 
•44(0.3) 
260  (0-3) 
236  (7.6) 
140  (0.3) 
116  (0.2) 
66  (1.0) 


}v,  (A  ) CIF.O*  ggjj 
p,  (A|>  a»\0*  1200  w. 


v\  (A  ) CIF.O* 
ns  (F tu)  PtF,* 
ft  (Air)  PtF,' 

}r,  (Eg)  PtF,* 

n,  (A))  OFjO* 
p,  (A’’)  ar.o* 
V,  (A  ) aF,b* 
P,  (F tu)  PtF,' 
P,  (F^)  p«f,' 

V Lotus,  vib 


br 

•60  vs  I 
•76 
766  vs 


720 

•70 

660 

660 

671 

661 


363 

261 

271 


TW 

}vs 


h 


P,  + P|  (Fiu  + Fstt)  C1F,* 

P,  + P,  (Fiu  + Fast)  PtF,' 

P,  (F,u)  CIF,* 

P,  (Bt).  Pi  (A,).p,  (1, ) CIF,* 

p,  + p,  (F,u  + Fat)  PtF,' 

Pa  (Fiu)  PtF,' 

p,  («g>  PtF,' 

P,  (A,)  CIF,* 
p,  (Bi)  CIF, 

P,  (A,) CIF,* 

P,  (Bs)ClF,* 
p,  (F,u)  PtF,' 


1266  s 

1067  a 

640va.br 


660  w 
646s 
616  s 
179  ml 
264  s { 


1601  (0.4) 
1267  (0.2) 

| p,  (Bi)cao,* 

1067  (6.1) 

P,  (A,)  CIO,* 

470  (10) 

Pi  (Am)l*»s‘ 

•16(0.4) 

I *s  (F,u)  bF,* 

641 12.6) 

646(4.6) 

f P,  <*«)  *»*•' 

619(1.1) 

P,  (A,)CIOt* 

P«  (F iu)  IrF,* 

243  (6.6) 

p«  (Fm>  IrF,* 

166(0.2) 

p,  (Faa)IrF«- 

* Raman  iataaaitie*  art  uncorr.cted. 
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Attempts  to  record  the  Raman  spectrum  of  the  ClF4*PtF/- 
ClF/PtF/  mixture  were  unsuccessful  owing  to  rapid  sample 
decomposition  by  the  laser  beam.  From  a large  number  of 
experiments,  those  spectra  and  products  were  selected  which 
showed  the  least  amounts  of  by-products.  Depending  upon 
the  exact  reaction  conditions,  however,  the  products  some- 
times were  more  complex  mixtures  of  CIO/,  C103F/,  and 
CIF/  or  of  CIF/,  CIF/,  and  C1F/.  The  observed  frequencies 
are  listed  in  Table  1. 

Since  most  products  contain  the  PtF/  anion,  its  spectrum 
will  be  discussed  first.  The  simplest  spectrum  is  that  of 
NO'PtF/.  Our  observed  spectrum  is  in  good  agreement 
with  that  previously  reported1*'”'34  for  this  compound. 

In  addition  to  the  reported  bands,  we  have  observed  an 
infrared  band  at  268  cm*1 . The  crystal  structure  of 
O/PtF/  (which  is  isomorphous  with  NO*PtF/  “)  has  been 
determined.”  It  was  shown  that  PtF/  is  approximately 
octahedral;”  however,  its  site  symmetry”  is  lower  than 
Oh-  This  site  symmetry  lowering  can  cause  splitting  of 
most  of  the  bands  and  violations  of  the  selection  rules  ex- 
pected for  symmetry  Oh-  Since  the  crystal  structures  and, 
hence,  the  actual  site  symmetries  of  PtF/  in  the  other 
chlorine  fluoride  salts  are  unknown  and  since  the  observed 
splittings  are  relatively  small,  the  assignments  for  PtF** 
in  Table  I were  made  based  on  the  group  symmetry  Oh- 
In  addition  to  the  previously  assigned  bands, the 
antisymmetric  deformation,  p4  (Flu),  and  the  normally  in- 
active p*  (F]u)  mode  were  observed  at  about  265  and  1 80 
cm"1 , respectively.  The  spectrum  observed  for  IrF/ is  in 
good  agreement  with  that  of  PtF/.  In  addition  to  the  pre- 
viously reported”  bands,  the  t>4  and  p*  modes  were  alio 
observed  for  IrFt*. 

The  vibrational  spectra  of  CIO/,”  ClFjO/,4”  CIF/,”  30 
ClFjOV*’31,31  and  CIF/  31  have  been  reported  elsewhere. 

The  assignments  given  in  Table  I are  in  excellent  agreement 
with  those  previously  given  for  these  ions  and,  hence,  require 
no  further  discussion.  Assignments  for  CIF/,  whose  identity 
and  octahedral  structure  have  been  established  beyond  doubt 
by  ,9F  nmr  spectroscopy,3  were  made  on  the  basis  of  the 
following  arguments.  For  octahedral  CIF/,  we  would  ex- 
pect ideally  six  normal  modes  of  vibration  which  are 
classified  as  Ai,  * E,  4-  2 F|U  + Fjj  + F*,.  Of  these,  only 
the  two  Ftu  modes  will  be  infrared  active,  while  only  the 
Aig,  Eg,  and  F^  modes  will  be  Raman  active,  assuming  no 
other  solid-state  effects  such  as  site  symmetry  lowering  or 
slight  distortion  of  the  octahedron.  Three  different  salts 
containing ClF/PtF/  have  been  studied.  In  addition  to 
CIF/,  the)'  contain  the  CIO/  or  the  CIF/  or  the  CIF/ 

(23)  F.  O.  SUdky,  P.  A.  BulUner,  and  N.  Bartlett,  J.  Chtm.  Sot. 

A,  2 179  ( 1969). 

(24)  N.  Bartlett.  S.  P.  Beaton,  and  N.  K.  Jha.  Chtm.  Common 
161(1968). 

(25)  J.  A.  Ibex i and  W.  C.  Hamilton.  J.  Chtm.  PS yt..  44,  1748 
(1966). 

(26)  R.  S.  Halford./.  Chtm.  Phys..  14,  8 (!946). 

(27)  K.  O.  ChrUte,  C.  J.  Schack.  D.  Pilipovich.  and  W.  Sawodny. 
/nor*.  Cham.,  8.  2489  (1969). 

(28)  K.  O.  Chrbte  and  R.  D.  Wiiaon.  /nor*.  Chtm.,  12.  1356 
(1973). 

(29)  K-  O.  ChrUte  and  W.  Sawodny,  Inorg.  Chtm..  6.  313 
(1967). 

(30)  R.  J.  GiUeipie  and  M.  J.  Morton,  Inorg.  Chtm..  9,  616 
(1970). 

(31)  K.  O.  ChrUte,  E.  C.  Curtin,  and  C.  J.  Sc^l,  Inorg.  Chtm.. 
11,2212(1972). 

(32)  R.  Bouton,  J.  laabey,  and  P.  Plurien,  C.  H.  Actd.  Set. 

Str.  C.  273,  415  (1971). 

(33)  K.  O.  ChrUte,  E.  C.  CurtU,  O.  PUipovkb,  C.  J.  Schack,  and 
W.  Sawodny,  Paper  B4  preaaatad  at  the  6th  International  Sympoaium 
on  Fluorine  Cheraiitry,  Durham,  England,  July  197 1;K.  O.  ChrUte 
and  W.  Sawodny,  to  be  aubmittad  for  publication. 


Tabia  I!.  Fundamental  Vibrations  of  OF,*  Compared  to  Thaw 
of  liodectranic  SF, 

Alignment  in  point 

OF/ SFj* troup  Oh 

679  769.4  u,  (A,.) 

630  639.5  v,  (EJ 

890  947.9  u,  (F„.) 

582  614.5  v4  (FIU) 

513  522  v,  (F*) 

a Data  from  ref  35  and  36. 

cation.  All  three  salts  show  a strong  infrared  absorption 
at  890  cm*1 . The  frequency  of  this  band  is  higher  than 
that  of  any  known  CIF  fundamental  vibration  and  is 
assigned  to  the  antisymmetric  stretching  vibration,  p3  (Ftu) 
of  CIF/.  This  assignment  is  supported  by  the  following 
observation.  In  all  three  salts,  the  890-cm*1  band  shows 
a pronounced  shoulder  at  877  cm-1 . The  observed  fre- 
quency difference  of  about  1 3 cm*1  is  in  good  agreement 
with  the  ”C1-37C1  isotopic  shift  value  of  1 2.5  cm-1  com- 
puted for  octahedral  CIF/,  assuming  100%  characteristic 
modes.  Of  the  remaining  uiussigned  bands,  the  second 
highest  frequency  belongs  to  a relatively  intense  Raman 
line  at  679  cm*1 . Clearly,  this  line  must  be  due  to  the 
totally  symmetric  stretching  mode,  v,  (Atg).  The  Raman 
spectrum  of  CIF/,  ClF/PtF/  (trace  d.  Figure  2)  shows  a 
band  at  5 1 3 cm*1 . It  has  the  same  frequency  as  the  CIO/ 
deformation  mode  but  cannot  be  due  to  CIO/  since  there 
is  no  evidence  for  its  more  intense  p(  (A  ()  mode  at  about 
1050  cm*1.  TheS13-cm*‘  band  might  be  assigned  to 
either  pa  (Ef)  or  p,  (Fj,)  of  CIF/. 

It  has  previously  been  shown  that  the  vibrational  spectra 
of  ClOaV7  ClFjO*,31  CIF-O/,4  ” CIF,,34  and  CIF/  33 
closely  resemble  those  of  isoelectronic  SOa,  SFaO,  SFaOa, 
SF/,  and  SF4,  respectively.  A similar  relationship  might 
be  expected  for  the  isoelectronic  pair  C1F/-SF*  (see  Table 
II).  Comparison  with  the  vibrational  spectrum  of  SF* 
suggests  that  the  5 1 3-cm*1  band  is  due  to  p,  (Fjg).  This  is 
further  supported  by  the  absence  of  another  band  below 
5 1 3 cm*1 , which  might  be  assigned  to  this  mode  and  by  the 
observed  combination  bands  in  the  infrared  spectrum. 
Generally,  octahedral  species  exhibit  two  relatively  intense 
combination  bands  in  the  infrared  spectrum  due  to  i>\  + 
p3  and  pa  4-  p3.  For  CIF/,  two  bands  were  observed  at 
about  1 560  and  1 5 1 5 cm"1 , respectively.  The  1 560-cm"1 
band  represents  v,  4-  p3  (computed  frequency  1 569  cm*1). 
Assuming  the  1515-cirT1  band  to  be  due  to  s>a  4-  p3,  a value 
of  625  cm*1  can  be  assigned  to  pa.  Inspection  of  trace  d 
of  Figure  2 reveals  a shoulder  at  630  cm*1 , which  is  assigned 
to  pa  (E,)  of  CIF/.  Since  there  is  no  indication  in  the  in- 
frared spectrum  for  a combination  band  at  about  1400  cm*1 
(890  4-513=*  1403  cm"1),  the  513-cm*1  Raman  band  ia 
assigned  to  p,  (F^). 

An  alternate,  although  leu  probable,  assignment  is  possible 
for  pa  (E,)  of  CIF/.  Trace  d of  Figure  2 exhibits  two  bands 
at  582  and  576  cm'1 , respectively.  We  prefer,  however,  to 
attribute  both  of  them  to  pa  (E()  of  PtF/  since  the  p,  (Fjg) 
PtF/  bands  also  show  additional  splitting  and  since  again 
no  evidence  for  the  corresponding  pa  4-  p3  combination  band 
can  be  found  in  the  infrared  spectrum  at  about  1470  cm'1. 
Thus  all  the  expected  active  modes  have  been  assigned  for 
CIF/  except  for  the  antisymmetric  deformation,  p4  (Ftu). 

(34)  K.  O.  Chriau,  E.  C.  Curtia.  C.  J.  Schack,  aad  D.  Pilipovich, 
Inorg.  Chtm.,  11,  1679(1972). 

(35)  H.  Bnuwt  and  M.  Pmi,  Z Mot  Sptctrotc.,  29,  472  (1969). 

(36)  C.  W.  GuUlkaon,  J.  R.  Niaiaaa,  *nd  A.  T.  Suk,  Jr.. J.  Mot 
Sprctrotc.,  1,  151  (1957). 
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This  mode  should  be  infrared  active  and,  bv  comparison 
with  SF*.  occur  in  the  range  550-610  cm  . A frequency 
of  582  cm'1  it  tentatively  assigned  to  v4  on  the  basis  of 
traces  c,  d,  and  e of  Figure  1 and  by  comparison  with  the 
infrared  spectrum  of  CiFjO+PtF*".“ 

Force  Constanta.  A modified  valence  force  field  was 
computed  for  C1F4*  in  order  to  obtain  a more  quantita- 
tive understanding  of  its  relative  bond  strength.  Except 
for  the  Fiu  block,  all  the  symmetry  force  constants  are 
unique.  The  Fiu  block  is  underdetermined  since  only  two 
frequency  values  are  available  for  the  determination  of  three 
force  constants.  A third  frequency  value  for  the  Ftu  block 
might  be  obtained  from  the  "Cl-Cl  isotopic  shifts  which 
would  allow  the  computation  of  a general  valence  force 
field.  Unfortunately,  the  isotopic  shift  for  v3  could  not 
be  determined  with  sufficient  accuracy.  Consequently, 
the  usefulness  of  mathematical  constraints,  such  as  mini- 
mizing or  maximizing  the  value  of  one  of  the  symmetry 
force  constants,  was  tested  for  isoelectronic  SF6,  for  which 
a general  valence  force  field  has  been  reported.37  It  was 
found  that  the  condition  F44  - minimum1*  is  the  best 
approximation  to  the  general  valence  force  field,  though  it 
yields  too  high  a value  for  FM,  due  to  appreciable  coupling 
of  the  bonds.39  It  also  results  in  a rather  large  negative 
value  (-0.269  mdyn/A)  for  the  stretch-stretch  interaction 
constant,  frr ',  which  is  difficult  to  rationalize.  Using  the 
same  condition  for  computing  the  force  field  of  C1F6*,  a 
comparable  negative  value  (-0.297  mdyn/A)  was  obtained 
for  frr ' of  C1F6*.  Since  for  SF6  the  GVFF  value  of  fTr ' 
is  essentially  zero,  we  prefer  for  C1F6*  the  condition  f„ ' = 

0.  The  resulting  force  field  is  listed  in  Table  HI  and  com- 
pared to  the  GVFF  values  of  SF*.17  The  force  constant  of 
greatest  interest  is  the  stretching  force  constant/,..  Its 
value  is  4.7  mdyn/A  with  a conservative  uncertainty  esti- 
mate of  *0.2  mdyn/A  considering  the  uncertainties  in  the 
frequency  of  k4  (F,u)  and  in  the  approximating  method 
used  for  the  force  constant  computation.  This  value  is 
comparable  to  those  of  C1F2*  (4.74  mdyn/A*0)  and  of  the 
equatorial  Cl-F  bonds  in  C1F4*  (4.59  mdyn/A11)  but  signif- 
icantly higher  than  those  of  the  remaining  known  chlorine 
fluorides.  The  high  value  of  f,  in  C1F4*  can  be  explained 
to  some  extent  by  the  formal  positive  charge  which  generally 
increases  the  stretching  force  constant  values.  It  also  sug- 
gests strong  covalent  contributions  to  the  bonding.  The 
high  fr  value  is  entirely  consistent  with  the  high  stability 
observed  for  the  CIF4*  salts  and  parallels  the  findings  for 
the  NF«*  salts/''*9  In  both  cases,  comparison  with  the 
isoelectronic  molecules  SF*  and  CF4,  respectively,  suggested 
unusual  stability,  although  it  proved  difficult  actually  to 
synthesize  these  salts.  In  particular,  it  appears  that  the 
synthesis  of  C1F**  requires  an  unusually  powerful  oxidative 
fluorinating  agent  such  as  PtF4. 

Since  t»4  (Fiu)  and  v*  (F^)  have  been  observed  for  both 
PtF*~  and  IrF*',  a modified  valence  force  field  was  also  com- 
puted for  these  two  anions  assuming  octahedral  symmetry 
and  Fm  3 minimum.  For  PtF**  and  IrF,~,  this  extremal 
condition  is  expected  to  give  a force  field  close  to  that  of  a 
GVFF  owing  to  the  large  mass  of  the  central  atoms  and  the 
resulting  weak  coupling.  The  frequencies  used  for  the 
computation  are  listed  in  Table  IV,  together  with  the  re- 
sulting force  constants.  The  value  of  fr  of  PtF*'  (3 .89 

(37)  A.  Ruoff,  J.  MoL  Struct.,  4,  332  (1969). 

(34)  W.  Sawoday,  /.  Mol.  Spcctrojc.,  30,  56  ( 1 969). 

(39)  S.  N.  Ttuktu  and  S.  N.  Rai,  J.  MoL  Struct.,  S.  320  (1970). 

(40)  K.  O.  Chrirte  tad  C.  J.  Sc  luck.  Inorg.  Chem..  9,  2296 
(1970). 


laMslIL  Symmetry  and  Internal  Force  Constants  (mdyn/A)  of 
CUV  Computed  for  a Modified  Valence  Force  Field  Assuming 
f„'  > 0 and  IMng  the  Frequency  Vsfnes  of  Table  D* 


C1F,* 

SF. 

F || 

S.161 

6.626 

F» 

4.443 

4.578 

F„ 

4.682 

5.256 

F» 

0.726 

0.885 

F» 

0.955 

1.035 

0.736 

0.763 

fr 

4.682 

5.258 

frr 

0.120 

0.341 

frr' 

0 

0.002 

fra  ~ fra 

0.363 

0.443 

a For  compariton  the  GVFF  values  of  SF,  are  alio  'iated. 

Table  IV.  Symmetry  and  Internal  Force  ConatanU  (ndyn/A)  of 

PtF,~  and  IrF,'  Computed  for  a Modified  Valence  For  :e  Field 

Assuming  = Minimum 

PtF,-« 

IrF,*  b 

4.613 

5.025 

F» 

3.573 

j.510 

F„ 

3.870 

3.861 

F» 

0.100 

0.101 

F» 

0.308 

0.307 

F„ 

0.161 

0.172 

Fu 

0.181 

0 192 

fr 

3.894 

3.940 

frr 

0.173 

0 255 

frr 

0.024 

0.C79 

fra -W 

0.050 

0.051 

fa  ~faa  ~faa  + feta 

0.171 

0.187 

fata -Iota  ~ Iota  + Jon 

-0.010 

-0.C13 

■ Frequencies  used:  v,  642,  v,  565,  »,  640,  v,  270,  v,  240,  u, 
180  cm'1.  b Frequencies  used:  v,  670,  v,  560,  v,  640,  i/,  270, 
v(  248,  v,  185  cm*1. 


Table  V.  Summary  of  Existing  Binary  Chlorine  Fluorides 
(Nonex  is  ting  Species  in  Parentheses) 


C1,F*  “ C1F*  OF,' « 

ClF/d  C1F,*  QF.-f 

C1F/*  ClF.h  (C1F,-)* 

CUV ' <C1F,)<  (C1F,-) 


° K.  O.  Christe  and  W.  Sawodny,  Inorg.  Chem.,  8,  212  (1969). 
b O.  Ruff,  E.  Ascher,  J.  Fischer,  and  F.  Lasts,  Z.  Anorg.  A tig 
Chem.,  176,  258  ( 1 928).  c K.  O.  Christe  and  J.  P.  Guertin,  Inorg. 
Chtm.,  4,  905  (1965).  d J.  W.  Dale  and  D.  A.  MacLeod,  private 
communication,  1950.  * O.  Ruff  and  H.  Krug,  Z.  Anorg.  AUg. 
Chtm.,  190,  270  (1930).  I L.  B.  Aaprey,  J.  L.  Margrave,  and 
M.  E.  SUverthom,  J.  Amer.  Chtm.  Soc.,  83,  2955  (1961).  * K.  O 
Christe  and  D.  Pilipovich,  Inorg.  Chem.,  8,  391  (1969).  h W.  Kaye 
and  H.  F.  Bauer,  U.  S.  Patent  3,354,646  (1967).  ' F.  Q.  Roberto, 
Inorg.  NucL  Chem.  Lett.,  8,  737  (1972);  K.  O.  Christe,  ibid.,  8,  741 
(1972). 

mdyn/A)  is  intermediate  between  those  of  PtF*  (4.46 
mdyn/A41)  snd  PtF*2' (3.42  mdyn/A41)  as  expected  on 
the  basis  of  the  increasing  formal  negative  charge. 

Summary.  The  successful  synthesis  of  CIF**  and  the 
evidence  for  the  nonexistence  of  a stable  C1FT  molecule  and 
Clr*'  anion14  complete  the  series  of  possible  binary  chlorine 
fluoride  molecules  and  ions.  Table  V summarizes  the 
presently  known  species.  The  existence  of  CIF**  suggests 
the  possibility  of  preparing  ClFjO  and  efforts  to  synthesize 
this  new  oxyfluoride  will  be  continued. 

Rettery  No.  PtF4, 13693-05-5;  FC10a,  1 3637-83-7 ;C1F», 


(41)  H.  SMbert,  “Aawendungun  (Mr  SchwlngungaapektroMtopl* 
in  dar  aaorganbehen  ChamM,”  Springor-Vedaf,  Berlin,  1964,  p $2. 
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Chlorine  trifluoride  dioxide  war  prepared  from  FNO,  and  ClF,0,*PtF,',  the  latter  being  synthesised  from  FQO,  and  PtFt. 

Phy**c*l  properties  and  the  "F  nmr  spectrum  ore  reported.  The  nnu  spectrum  suggests  the  trigonal -bipyramidal  structure 
I of  symmetry  Cw.  Chlorine  trifluoride  dioxide  forms  stable  adducts  with  BF,  and  AsF,  but  not  with  FNO,  FNO,,  or 
CsF. 


Introduction 

A brief  note  on  the  existence  of  GFjOj  has  recently  been 
published  by  Christe.1  In  this  paper  we  report  details  on  its 
synthesis,  purification,  and  properties.  The  infrared  spec- 
tra of  the  gas,  the  solid,  and  the  matrix-isolated  species 
and  the  Raman  spectra  of  the  gas  and  the  liquid  together 
with  a normal  coordinate  analysis  and  computation  of  ther- 
modynamic properties  will  be  published  elsewhere.1 3 

Experimental  Section 

Malarial*  and  Apparatus.  The  stainless  steel  Teflon  FEP  vacuum 
system,*  the  glow*  box,  tha  **F  nmr  spectrometer  and  sampling  tech- 
nique,4 and  the  syntheses  and  purification  of  PtF,,  FQO,,  FNO,* 
FNO,,  BF,,  and  C1F,0,*BF4'  * are  described  elsewhere.  Cesium 
fluoride  was  fused  in  s platinum  crucible  and  powdered  in  a drybox 
prior  to  use.  All  equipment  was  passivated  with  OF,  and  BrF, 
prior  to  its  use. 

ncrtficaiioa  of  OF,0,.  A sample  of  C1F,0,*BF,-  (2.41  mmol), 
prepared  and  purified  a*  previously  reported,*  was  placed  in  a passi- 
vated Teflon  FEP  ampoule.  Nitryl  fluoride  (6.83  mmol)  wot  added 
at  -196*  and  the  mixture  was  kept  at  -78*  for  12  hr  with  periodic 
agitation.  Volatile  product*  were  removed  at  -78*  and  separated 
by  fractional  condensation  through  a series  of  traps  kept  at  -95, 
-126,  and -196*.  The  -95*  trap  contained  only  a very  email  amount 
of  material  which  was  discarded.  The  - 1 26*  trap  contained  2.22 
mmol  of  CIF,0,  which  according  to  its  infrared  spectrum*  it  700 
mm  of  pressure  showed  as  the  only  detectable  impurity  leu  than  0.1 
mol  % of  FQO,.  This  sample  was  used  for  the  subsequent  charac- 
terisation studies.  The -196*  trap  contained  the  unreacted  FNO, 
(4.4  mmol)  and  a small  amount  of  QF,0,  (0.2  mmol).  The  solid 
residue  was  shown  by  its  weight  and  infrared  spectrum  to  be  NO,*- 
BF,-. 

QF,0,-CiF  System.  Two  reactions  between  C1F,0,  (1.5  mmol) 
and  CsF  (1 .0  mmol)  war*  carried  out  in  10-ral  stainless  steel  cylinders 
at  25  and  105*,  reapecthrriy.  At  the  lower  temperature  the  cylinder 
was  placed  on  a mechanical  shaker  for  5 days.  The  volatile  material 
consisted  of  F,,  FQO,.  and  some  C1F,0,.  The  solid  residue  had 
gained  33  rag  in  weight  and  was  identified  by  its  infrared  spectrum* 
at  a mixture  of  C*CtO,F,'  and  CsF.  When  the  starting  materials 
ware  heated  to  105*  for  68  hr,  the  QF,0,  had  quantitatively  decom- 
posed to  FQO,  and  F,. 

Reaultaand  Discussion 

Synthesis.  The  synthesis  of  ClF.Oj  is  best  de  scribed  by 
the  following  reaction  sequence. 

2FQO,  + 2PtF«  - ClF,0,*PtF,-  + dO,*PtF/  (l) 

Several  side  reactions  compete  with  (1)  and  the  yield  of 
CIFjOj*  varies  greatly  with  slight  changes  in  the  reaction 
conditions.1 6  The  CIFjOj  is  then  displaced  from  its  GFjfV 
salt  according  to 


(1)  K.  o.  Christ*,  Inorg.  NucL  Chtm.  Lett.,  8,457  (1972). 

(2)  K.  O.  Christe  and  E,  G Curtis,  unpublished  results- 

(3)  K.  O.  Christ*,  inorg  Chtm.,  in  press. 

(4)  K.  O.  Christe,  i.  F.  Hon,  end  D.  PUipovich,  Inorg.  Chtm.. 
12,84(1973). 

(5)  K.  O.  Christ*,  R.  D.  Wilson,  tnd  E.  C.  Curtis,  Inorg.  Chtm., 
12,  1358(1973). 

(6)  K.  O.  Christ*  tnd  E.  C.  Curti*.  Inorg  CHem.,  1 1 , 35  (1972). 


QF,0,*PtF4"  + C10,*PtFt-  + 2FNO,  - 2NO,*PtF»-  + 

aF,0,  + FQO,  (2) 

Chloryl  fluoride  is  slightly  less  volatile  than  CIFjOj.  There- 
fore, most  of  it  can  be  removed  from  GF^02  by  fractional 
condensation  in  a - 1 1 2°  trap.  The  remaining  FG02,  how- 
ever, has  to  be  removed  by  compiexing  with  BF). 

C1F,0,  + FOO,  + 2BF,  - aF.O,*BF4-  + QO,*BF«'  (3) 

Since  GFj02*BF4-  is  stable1  at  20°,  whereas  G02*BF4'  is 
not,7  the  latter  can  be  pumped  away  at  20°.  The  resulting 
pure  Qf^Qi* BF*-  is  then  treated  with  an  excess  of  FNO* 
and  the  evolved  GFjOj  and  unreacted  FN02  are  readily 
separated  by  fractional  condensation  through  a series  of 
- 126  and  -196°  traps. 

QF,0,‘BF4-  + FNO,  - NO,*BF4-  + QF.O,  (4) 

Whereas  the  overs  ill  yield  of  pure  GFy02  based  on  the  PtF* 
used  in  step  1 was  round  to  be  rather  low  (about  10  mol  %), 
the  method  was  satisfactory  to  provide  enough  material  to 
characterize  GF)02.  Therefore,  no  effort  was  undertaken 
to  search  for  alternate  synthetic  routes  which  might  give 
higher  yields  of  GF/)2. 

Properties.  Pure  GF)02  is  colorless  as  a gas  or  liquid  and 
white  in  the  solid  state.  It  melts  at  -8 1 .2°.  Vapor  pres- 
sures were  measured  over  the  range  -96  to  -32°  and  the 
data  for  the  range  -64  to  -32°  were  fitted  by  the  method  of 
least  squares  to  the  equation 

log  P (mm)  = 7.719  - 1217.2/7'(<>K) 

with  an  index  of  correlation  of 0.99998.  The  extrapolated 
boiling  point  is  - 2 1 . 58°.  Measured  vapor  pressures  at  the 
noted  temperatures  are  [T  (°C),  P (mm)] : -95.64, 7.3; 
-78.73,  25.5;  -64.34,  77.5;  -57.69, 1 17.5;  -46.32, 226.5; 
-3 1 .93, 470.  The  two  lowest  temperature  points  were  not 
used  for  the  computation  of  the  vapor  pressure  equation  be- 
cause the  lowest  point  was  measured  for  solid  GFj02  and  the 
second  lowest  was  too  close  to  the  melting  point  of  GFj02. 
While  at  -78.73°  the  GF)02  sample  was  all  liquid,  the  ob- 
served vapor  pressure  was  reproducibly  lower  than  expected 
from  the  above  vapor  pressure  curve.  This  indicates  that 
close  to  the  melting  point  tome  ordering  effect  occurs  in  tie* 
liquid  causing  a decrease  of  the  vapor  pressure.  The  latent 
heat  of  vaporization  of  GF)02  is  5.57  keal/mol  and  the  de- 
rived Troutjn  constant  is  22.13,  indicating  little  association 
in  the  liquid  phase.  This  is  in  agreement  with  the  low 
boiling  point  and  the  good  agreement  between  the  Raman 
spectra  of  the  gas  and  of  the  liquid.2  The  molecular  weight 
was  determined  from  the  vapor  density  and  found  to  be 
122.1  (ealed  for  GF)02,  124.5).  The  good  agreement  in- 


(7)  K.  O.  Christ*,  C.  1.  Sc  heck,  D.  PUipovich,  end  W.  Sawoday. 
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dicates  little  or  no  association  in  the  gas  phase  at  the  pres- 
sures used  (P  ~ 1 atm). 

Chlorine  trifluoride  dioxide  resembles  chlorine  fluorides 
and  oxyfluorides  in  its  corrosive  and  oxidizing  properties. 

It  appears  to  be  marginally  stable  in  a well  passivated  system 
at  ambient  temperature.  It  is  a strong  oxidative  fluorinator 
as  evidenced  by  its  tendency  to  fluorinate  metal  surfaces  to 
metal  fluorides  with  FClOj  formation.  It  reacts  explosively 
with  organic  materials  and  care  must  be  taken  to  avoid  such 
combinations.  The  hydrolysis  of  CIFjOj  was  not  quantita- 
tively studied;  however,  on  one  occasion  a slight  leak  in  an 
infrared  gas  cell  containing  ClFjO  j resulted  in  the  formation 
of  FClOj  and  HF  indicating  the  following  reaction. 

CIF.O,  + H,0  - Fao,  + 2HF  (5) 

19F  Nmr  Spectrum.  The  **F  nmr  spectrum  of  liquid 
ClFjO,  was  measured  in  the  temperature  range  -20  to  -80°. 
It  showed  at  all  temperatures  one  partially  resolved  signal 
centered  at  -413  ppm  below  the  external  standard  CFC13. 
Figure  1 shows  the  details  of  the  spectrum  recorded  at  -77°. 
The  observed  signal  is  in  excellent  agreement  with  an  ABj 
pattern*  with  J/v 05  = 1 -0  (for  the  computed  pattern,  see 
Figure  1).  From  these  data  a value  of  Jrr  ~ 443  Hz  was 
calculated.  The  low  chemical  shift  of -413  ppm  for  CIFjOj 
is  in  excellent  agreement  with  a heptavalent  chlorine  fluoride 
and  compares  favorably  with  those  observed4  for  FGOj 
(-315  ppm),  GF6*  (-388  ppm),  and  CIFjOj*  (“310  ppm). 
The  fact  that  the  resonance  of  the  CIFjOj*  cation  was  ob- 
served upfleld  from  that  of  CIFjOj  is  difficult  to  rationalize 
but  seems  to  be  quite  general  for  chlorine  fluorides.4  The 
fluorine-fluorine  coupling  constant  of  443  Hz  observed  for 
CIFjOj  is  similar  to  that  of  421  Hz  observed  for  the  struc- 
turally related  ClFj.4 * * 

Since  the  chlorine  atom  in  GFjOj  does  not  possess  a free 
valence  electron  pair,  it  is  pentacoordinated  and  the  ligands 
should  form  a trigonal  bipyramid.  To  account  for  an  ABj 
pattern  one  has  to  assume  two  fluorine  atoms  in  either  the 
axial  or  the  equatorial  positions. 


F 

I 


F 

I 


Figure  1.  **F  nmr  spectrum  of  liquid  aF,0,  at  -77*  recorded  at 
56.4  MHz.  The  chemical  shift  was  measured  relative  to  the  ex- 
ternal standard  CFQ,. 

spectrum2  is  consistent  only  with  model  I.  (iv)  In  the 
structurally  related  CIF3O12  and  C1F3 13  molecules  (in  which 
the  oxygen  ligands  are  replaced  by  one  and  two  sterically 
active  free  electron  pairs,  respectively),  both  axial  positions 
are  occupied  by  fluorine  atoms. 

Adduct  Formation.  Chlorine  trifluoride  dioxide  forms 
stable  adducts  with  strong  Lewis  acids,  such  as  BFj,  AsFs, 
or  PtFs  .*  These  adducts  have  ionic  structures  containing 
the  CIFjOj*  cation.  A detailed  discussion  of  the  vibrational 
and  nmr  spectra  of  this  cation  will  be  given  elsewhere.5  The 
liigh  stability  of  these  adducts  can  be  explained  by  the 
change  from  the  energetically  unfavorable  trigonal-bipyra- 
midal  structure  of  C1F3Oj  to  the  more  favorable  tetrahedral 
CIFjOj*  configuration.14  Contrary  to  C1F3,1S  but  by  analogy 
with  CIF3O,14  it  does  not  form  stable  adducts  with  FNO  or 
FNOj  at  temperatures  as  low  as  -78°.  This  was  demon- 
strated by  ;he  various  displacement  reactions  where  CIFjOj 
and  unreseb’d  FNO  or  FNOj  could  be  readily  removed  from 
the  reactor  at  -78°.  With  the  stronger  base,  CsF,  it  does 
not  form  a stable  adduct  but  decomposes  to  FClOj  and  Fj 
with  CsF  possibly  catalyzing  the  decomposition. 


Of  these  two  models,  1 has  to  be  preferred  for  the  following 
four  reasons,  (i)  The  Bj  part  of  the  AB2  pattern  occurs 
downfield  from  the  A part  and  in  trigonal-bipyramidal  spe- 
cies the  resonance  for  the  axial  fluorines  occurs  at  a lower 
field  than  that  of  the  equatorial  ones.9'10  (ii)  In  trigonal- 
bipyramidal  molecules  the  most  electronegative  ligands 
generally  occupy  the  axial  positions.11  (iii)  The  vibrational 

(S)  J.  W.  Enulty.  I.  Feeney,  and  L.  H.  Sutcliffe,  “High  Resolu- 

tion Nuclear  Magi-etic  Rmouki  Spectroecopy,"  Vol.  1,  Fcffsmon 

free*,  Oxford.  England,  1946,  p 336. 

(9)  E.  L.  Muettertlea,  W.  Mahler,  K.  J.  Packer,  and  R. 

SchmutUer,  Inorg.  Chtm..  3.  119S  (1964). 

(10)  R.  i.  GUlaepie,  B.  Laada,  and  G.  1.  Schrobilgen,  Chtm. 

Commun.,  1543(1971). 
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The  reaction  of  FCJO,  with  PtF,  yieidt  a product  containing  00,F,*PtFt'.  A rynthetic  method  it  described  that  converts  I 

this  salt  into  dO,F,*BF4'  or  00,F,*AiF4".  All  three  salts  are  stable  at  25*  and  according  to  their  infrared,  Raman,  and  ll 

“F  nmr  spectra  are  ionic  in  both  the  solid  >*ste  and  HF  solution.  The  vibrational  spectrum  of  00,F,*  closely  resembles  E 

that  of  iaoelectronic  SO, F,,  suggesting  a pseudotetrahedral  structure  of  symmetry  Cw  A modified  valence  force  is  re-  i 

ported  for  CJO,F,*-  ffi 


Introduction 

A preliminary  note  on  the  existence  of  C102F2*PtF6-  has 
recently  been  published  by  Christe.  This  salt  was  prepared 
from  FClOj  and  PtF*.1  A detailed  report  on  this  interesting 
system,  yielding  under  different  reaction  conditions 
ClF/PtF*',  has  been  given  elsewhere.2  A **F  nmr  chemical 
shift  of-310  ppm  relative  to  external  CFC1}  has  been  tenta- 
tively assigned  to  O02F2\3  A more  complete  characteriza- 
tion of  the  ClOjFj*  cation  in  the  original  PtF*"  salt,  however, 
was  preempted  by  interference  from  the  PtF*"  anion  and 
from  substantial  amounts  of  by-products  such  as  C102*PtF6-. 
Consequently,  efforts  were  made  to  prepare  C102F2*  salts 
containing  different  anions  and  to  eliminate  the  undesirabh 
by-products.  We  have  now  succeeded  in  preparing 
C102F2*BF*  andC102F2*  AsF6‘  and  in  more  fully  charac- 
terizing the  C102F2*  cation.  These  results  are  described  be- 
low. 

Experimental  Section 

Apparatus  and  Materials.  The  stainless  steel-Teflon-FEP  vacuum 
system,  the  glove  box,  the  infrared,  Raman,  and  "F  nmr  spectrometers 
and  sampling  techniques,  and  the  syntheses  and  purification  of  PtF, , 
AsF„  and  FC10,  have  been  described  elsewhere. Nitryl  fluoride, 
prepared  from  N,0,  and  F,,  and  BF,  (from  The  Matheaon  Co.)  were 
purified  by  fractional  condensation.  Debye-Scherrer  X-ray  diffrac- 
tion powder  patterns  were  taken  as  previously  desalted.* 

Syntheses  of  CK),F,*  Salts.  The  synthesis  of  CrO.F/PtF,'  has 
been  described  elsewhere.1  For  the  synthesis  of  CIO,  F,*BF4~,  s mix- 
ture of  aO,F,*PtF4'  (4.8  mmol)  and  CK),*PtF4*  (12.2  mmol)  was 
treated  in  s passivated  (with  OF,  and  BrF,)  75-ml  stainleu  steel 
cylinder  with  FNO,  (25.3  mmol)  at  -78*  fot  48  hr.  The  reaction 
products  volatile  at  25*  consisted  of  FC1G,,  C1F,0,,  and  unreacted 
FNO,  and  were  separated  by  fractional  condansation  through  t series 
of  traps  kept  at -112, -126, -142,  and -196*.  The -126*  fraction 
contained  most  of  ths  C1F,0,  and  some  FOO, . Attempts  to  separste 
further  the  C1F,0,  and  FOO,  nvxtuie  by  fractional  condensation 
were  unsuccessful.  Consequently,  2.76  mmol  of  this  mixture  was 
combined  with  BF,  (3.00  mmol)  at  - 196*  in  s passivated  Tefkm- 
FEP  ampoule  and  the  temperature  was  cycled  several  times  between 
- 196  and  +25*.  The  product  was  kept  at  -78*  for  several  hours  tnd 
unreacted  BF,  (0.22  mmol)  was  removed  at  this  ttmparature  in  vacuo. 
Removal  of  volatile  material  in  vacuo  was  continued  at  20*.  The 
volatile  material  (2.60  mmol)  consisted  according  to  Its  infrared  spec- 
trum of  s 1:1  mixture  of  FOO,  sad  BF,.  The  whits,  solid,  non- 
volatiia  residue  (280  mg.  1.46  mmol)  was  idsntified  by  infrared, 
Raman,  and  **F  amt  spectroscopy  as  00,F,*BFy 

For  the  preparation  of  the  A»F,"  salt,  O0,F,*BF„‘  (0.62  mmol) 
and  AsF,  (1.43  mmol)  were  combined  at  -196*  la  a passivated  Teflon- 
FEF  ampoule.  The  contents  of  the  ampoule  were  kept  at  -78*  for 
30  mia  and  at  25*  for  1 hr.  Volatile  products  were  removed  at  25* 
aad  consisted  of  uarearted  AsF,  (0.79  mmoD  and  BF,  (0.59  mmol). 
The  white,  stable  solid  welshed  185  mg  (weight  calculated  for  0.62 


(1)  K.  O.  Christs,  Incog.  Nuct  Cham.  Latt.,  8, 453  (1972). 

(2)  K.  O.  Christs,  Inorf  Cham.,  hi  press. 

(1)  K.  O.  Christs,  J.  F.  Hon,  and  D.  Pillpovich,  Inorg.  Cham.,  12, 
•4  (1972). 

(4)  K.  O.  Christe  and  D.  Neumann,  Inorg.  Cham.,  12,  59  (1973). 


mmol  of  C10,F,*AsF4'  is  183  mg)  and  was  identified  asCK),F,*AtF*~  S 

by  infrared,  Raman,  and  ‘*F  nmr  spectroscopy.  ■ 

Results  and  Discussion  I 

Syntheses  and  Properties  of  C102F2*  Salts.  The  synthesis  1 

of  C102F2+PtF*-  from  FClOj  and  PtF*  and  its  temperature  I 

dependence  have  been  discussed  elsewhere.1*2  Since  the  1 

PtF*-  anion  interfered  with  the  vibrational  spectroscopic  j 

studies  of  C102F2*,  the  BF*"  and  AsF*-  salts  were  prepared 
according  to  the  reaction 

00,‘PtF,-  + CIO, Fy PtF.-  + FNO,  -+  FC10,  + ClFtO,  + , 

2NO,*PtF4-  | 

Unreacted  FN02  and  some  of  the  FC102  could  be  separated  j 

from  CIF3O2  by  fractional  condensation.  The  remaining  > j 

FC102  was  separated  from  C1F302  by  complexing  with  BF*.  i 

Since  the  resulting  CIO/BF*-  has  a dissociation  pressure3  \ 

of  182  mm  at  22.1°  while  C!02F2*BF«~  is  stable,  the  former  j 

salt  could  be  readily  removed  by  pumping  at  20°.  Conver-  ■ 

sion  of  C102F2*BF*-  to  the  corresponding  AsF*"  salt  was  1 

accomplished  through  displacement  of  BF*-  by  the  stronger  ] 

Lewis  acid  AsF*.  ■] 

All  three  salts,  C102F2*PtF*-,C102F2*AsF*-  and  j 

□02F2*BF*-  are  solids,  stable  at  25°,  and  react  violently  j 

with  water  or  organic  materials.  The  PtF«"  compound  is  1 

canary  yellow,  while  those  of  AaF*"  and  BF*-  are  white.  The  ! 
salts  dissolve  in  anhydrous  HF  without  decomposing.  They  ] 

are  crystallinic  in  the  solid  state  and  the  X-ray  powder  diffrac-  j 
tion  patterns  of  C1F202*BF*-  and  C103F2*AsF*“  are  listed  in 
Table  I.  The  powder  pattern  of  C10aF2*BF*"  is  much  simpler  I 

than  that  of  C102F2+AjF*".  This  is  not  surprising  since  the  i 

anion  and  cation  in  the  former  salt  are  both  of  approximately  j 
tetrahedral  shape  and  of  similar  size.  The  powder  pattern  of 
C102Fj*BF4"  can  be  indexed  on  the  basis  of  an  orthorhombic 
unit  cell  with  a = 5.45,  b - 7.23,  and  c = 13.00  A.  Assuming 
four  molecules  per  unit  cell  and  neglecting  contributions  from 
the  highly  charged  central  atoms  to  the  volume,**7  a plausible  I 
average  volume  of  1 6 A3  per  F or  O atom  is  obtained.  How- 
ever, the  agreement  between  the  observed  and  calculated  j 

reflections  is  somewhat  poor  for  several  lines  and,  hence,  the 
above  unit  cell  dimensions  are  tentative. 

The  thermal  stability  of  C102F2*BF«'  is  higher  than  those 
of  C102*BF*",5  C1F3*BF4-,*  or  other  similar  salts.  This  is  in 
good  agreement  with  the  previously  made  correlations*  be- 
tween the  stability  of  an  adduct  and  the  structure  of  th6 

(5)  K.  O.  Christs,  C.  J.  Schsck,  D.  PUipovich,  tnd  W.  Snwoday, 

Inorg.  Cham.,  8,  2489  (1969). 

(6)  W.  H.  Ztcharitttn,  J.  Amtr.  Cham.  Soc.,  70,  2147  (1948). 

(7)  F.  H.  EUtagsr  tad  W.  H.  ZschsriMtn,  /.  fhyt  Cham..  *8. 40S 
(I9S4). 

(S)  H.  StUtl  tnd  1.  Shamir,  Inorg.  Cham.,  3,  294  (1944). 

(9)  K.  O.  Christs,  C.  1.  Schsck,  and  D.  PUipovich,  Inorg.  Cham., 

11,  220S  (1972). 
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Table  L X-Ray  Powder  Patterns  for  OO.F/BF/  and  aO,F,*AiF/ 


cio.F, 

*bf4 

ao,F, 

*AiF," 

d,  A 

Intens 

d.  A 

intens 

d.  A 

Intens 

5.47 

f 

7.49 

w 

2.12 

w 

5.06 

m 

5.50 

ms 

2.01 

w 

4.37 

ms 

4.98 

w 

1.94 

mw 

4.15 

w 

4.35 

ms 

1.90 

mw 

3.70 

vs 

4.02 

w 

1.86 

w 

3.56 

s 

3.86 

t 

1.80 

w 

3.00 

m 

3.70 

w 

1.76 

mw 

2.77 

m 

3.57 

m 

1.72 

w 

2.57 

vw 

3.40 

mw 

1.70 

mw 

2.41 

m 

3.02 

mw 

1.65 

w 

2.18 

s 

2.77 

m 

1.62 

w 

2.08 

ft 

2.69 

m 

1.59 

w 

1.86 

mi 

2.60 

w 

1.54 

w 

1.80 

w 

2.41 

w 

1.50 

w 

2.30 

w 

1.41 

w 

2.20 

w 

1.37 

w 

1.34 

w 

parent  molecule  and  its  ions.  Thus,  tetrahedral  ClOj  F2* 

(see  below)  should  be  energetically  much  more  favorable  than 
trigonal-bipyramidal  C1Fj02. 10,11 

'*F  Nmr  Spectra.  A broad  singlet  at  -3 1 0 ppm  relative  to 
external  CFClj  has  previously  been  observed  for  C102Fj*PtF6‘ 
at  low  concentration  in  anhydrous  HF  and  was  tentatively 
assigned  to  C102F2*.3  This  tentative  assignment  is  confirmed 
by  the  present  study.  The  spectrum  of  C1F202*BF4'  in  HF 
shows  a strong  temperature  dependence.  At  30°  it  consists 
of  a single  peak  at  185  ppm  relative  to  external  CFClj.  With 
decreasing  temperature  the  peak  at  first  becomes  broader  and 
then  separates  at  about  0°  into  three  signals  at  -301 
(C10jF2*),  146  (BF4~),13  and  194  ppm  (HF)  which  become 
narrower  with  further  decrease  in  temperature.  The  ob- 
served peak  area  ratio  of  approximately  2: 1 for  the  146  and 
-301  ppm  signals  confirms  their  assignment  to  BF4~  and 
CIOjFj*,  res-tctively,  and  proves  the  ionic  nature  of  the 
CIFjOi  BFj  adduct  in  HF  solution. 

The  spectrum  of  C1Fj02*AsF6~  in  HF  (which  was  acidified 
with  AsFj)'  consists  of  two  resonances  at  -307  (C102F2+) 
and  105  ppm  (HF,  AsF5,  AsF4"),3  respectively.  Rapid  ex- 
change among  HF,  AsFs,  and  AsF«~  preempted  the  measure- 
ment of  the  C102F2*  to  AsF*'  peak  area  ratio. 

Vibrational  Spectra.  Figure  1 shows  the  infrared  and 
f Raman  spectra  of  solid  C102F2*BF4"  and  the  Raman  spectrum 

of  an  HF  solution  of  C102F2*BF4 *.  Figure  2 depicts  the 
* infrared  and  Raman  spectra  of  solid  C102F2*AsF4'.  Figure  3 

shows  the  infrared  spectrum  of  a mixture  of  solid 
l C102F2*PtF4"  and  C102*PtF4*.  The  observed  frequencies  are 

f listed  in  Table  II  and  are  compared  with  those  reported  for 
\ iaoelectronic  S02  F2 . 13 

| Inspection  of  Figures  1-3  and  of  Table  II  reveals  that  the 

f spectra  of  C1Fj02  BFj,  C1Fj02  AsF5,  and  ClF302  PtF«  con- 
■ tain  the  bands  characteristic  for  BF4',I3*U  AsF*_,t‘_,>  and 

(10)  K.  O.  Christo,  Inorg.  NucL  Chtm.  Lttt.,  S,  457  (1972). 

(11)  E.  L.  Mu«ttertiet  and  W.  D.  Phillips,  S.  Amtr.  Cknt  Soc., 
it,  10S4  (1959). 

(13)  D.  R.  Lidc.  Jr.,  D.  E.  Mann,  and  J.  J.  Comsford,  SptctrochOn. 
Ac  it,  21,497(1965). 

(13)  J.  Goubeau  and  W.  Buna,  Z.  Anorg.  AH g.  Chtm.,  368,  231 
(1952). 

(14)  N.  N.  Greenwood,/.  Chtm.  Soc.,  3811  (1959). 

£ (15)  H.  A.  Bonadao  and  E.  Silbennan.  Sptclrochlm.  Ac* a.  Etrt 

i A,  36,  2337  (1970). 

jr  (16)  K.  O.  Christa,  E.  C.  Curtis,  and  C.  J.  Scback,  In org.  Chtm, 

| 11.2213  (1972). 

? (17)  K.  O.  CUriata  and  W.  Sawodny,  Inorg  Chtm.,  6,  313  (1967). 

(15)  K.  O.  Christa,  J.  t.  Guar  tin.  A.  E.  Paviath.  and  W.  Sawodny, 
Inorg.  Chtm.,  6,  533  (1967). 

(19)  K.  O.  Christo,  C.  J.  Scback,  D.  Ptlipovich.  and  W.  Sawodny. 
Inorg.  Chtm,  8.  3489  (1969). 


FREQUENCY  jj 

Figure  1.  Vibrational  spectra  of  CIO,  Fj*BF4‘:  A,  infrared  speo-  J 

trum  of  the  solid  as  a A*C1  disk;  B,  Raman  spectrum  of  the  solid;  D ] 

and  E,  Raman  spectrum  of  the  HF  solution,  incident  polarization  : j 

perpendicular  and  parallel,  respectively;  exciting  line  is  4880-A  and 
C indicates  spectral  slit  width.  J 


FREQUENCY 

Figure  2.  Vibrational  spectre  of  solid  QO,F,*AiF,':  A,  infrared 
spectrum  (AfQ  disk);  B,  Raman  spectrum;  exciting  hne  4880  A. 


Fijsre  3.  Infrared  spectrun.  of  a mixture  of  solid  O0,F,‘PtF,'  and 
00,‘PtF,'  at  a AgCl  disk. 


Ft F*', 3,30  respectively.  Furthermore,  the  Raman  spectra 
ofClFjOj  BFj  are  practically  identical  for  both  the  solid  and 
its  HF  solution.  These  observations,  together  with  the  ‘*F 
nmr  spectrum  of  the  BF3  adduct  in  HF  solution,  establish 

(20)  N.  Bartlett,  Angtw.  Chtm,  Int  Ed.  EngL,  7, 433  (1968); 

N.  Bartlett  and  S.  F.  Beaton,  Chtm.  Common.,  167  (1946);  F.  O. 
Sledky,  P.  A.  BulUaer,  and  N.  Bartlett.  J.  Chtm  Soc.  A.  3179 
(1969). 
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that  these  adducts  ar*  ionic  and  contain  the  C10aFa+  cation. 
The  assignments  for  the  anions  are  well  established  and  axe 

fTJ™f  lnJ?bl*  H'  Conse<iuently,  only  the  assignments 
ior  ciUjh'j  wsll  be  discussed  in  more  detail.  The  C103  F,+ 
cation  is  isoelectronic  with  SOaF2  which  was  shown  by  micro- 
wave spectroscopy  to  possess  symmetry  C3u.J1  The  S03F3 
structure  can  be  derived  from  a tetrahedron  with  two  oxygen 
and  two  fluorine  ligands  occupying  the  corners  and  with  the 
O-S-O  angle  increased  to  123°  58’  and  the  F-S-F  angle 
compressed  to  96°  7’.  Comparison  of  the  bands  due  to 
CIO? rj  with  those  previously  reported12’22123  for  SO  F 
(see  Table  II)  reveals  a pronounced  similarity  indicating  * 
closely  related  structures  and  bonding.  Therefore,  as;  ign- 
ments  for  C103F3*  were  made  by  analogy  with  those  of 
SOjF3  which  were  reliably  established  by  infrared,” 
o~.*  Ra?an'  matri*-is°Iation,12  and  microwave”  studies  The 
I -a-  analogy  aPPears  t0  delude  the  triple  and  double  coincidences 
among  p7  (B,).  t>3  (A,),  and  v9  (Ba)  at  about  530  cm'1  and 
between  t>4  (A) ) and  vs  (Aa)  at  about  390  cm'1,  respectively. 
As  tor  SOa  Fj , only  tentative  assignments  to  the  individual 
modes  can  be  made  for  the  bands  observed  in  the  520-cm"1 
region. 

The  close  analogy  between  the  vibrational  spectra  of  iso- 
electronic C103F3+  and  SOaFa  parallels  those  found  for  the 
isoelectronic  pairs  ClFaO+-SFaO, 16  C1F6+-SF6,2  C1Fs-SF5',J4 
and  CIF/-SF4.25  It  demonstrates  the  usefulness  of  knowing 
the  vibrational  spectra  of  the  corresponding  sulfur  compounds 
lor  predicting  and  assigning  those  of  the  isoelectronic  chlorine 
fluorides. 

Additional  evidence  for  the  pseudotetrahedral  structure  of 
symmetry  C2u  of  C10aFa‘  consists  of  the  3SC1-37C1  isotopic 
splittings  observed  for  the  stretching  modes  (see  Table  III  and 
Force  Constant  section). 

Force  Constants.  Three  sets  of  force  constants  were  com- 
puted for  C10aFa  assuming  different  geometries.  Two  addi- 
tional sets  were  computed  requiring  agreement  between  ob- 
served and  computed  C1-37C1  isotopic  shifts  (see  Table  111). 

The  potential  and  kinetic  energy  matrices  were  computed 
using  a machine  method .»  The  three  different  geometries 
adopted  for  C10aFa  differ  only  in  the  bond  angles  but  not 
]enf ths-  The  bond  lengths  were  estimated  to  be 
( > * 1 A = 1 .53  A by  comparison  with 

related  molecules  and  on  the  basis  of  the  correlation  of 
Robinson  between  frequencies  and  bond  lengths.  The 
bond  angles  of  set  1,  a(/-0C10)  =124°,  0(Z.QC1F)  = 108°  15’ 
and  -y^FClF)  = 96°,  were  chosen  to  be  identical  with  those  ’ 
of  isoelectronic  S03F3 ,21  For  set  III,  tetrahedral  bond  angles 
were  used,  and  for  set  II,  a geometry  was  selected  inter- 
mediate between  those  of  sets  I and  III.  The  redundant 
coordinate  was  found  numerically,  and  the  deformation 
symmetry  coordinates  S3  and  S4  were  made  orthogonal  to 
it.  to  demonstrate  that  the  redundancy  condition  was 
correct,  it  was  verified  that  the  frequencies  of  each  block 
taken  separately  and  the  corresponding  frequencies  of  the 
direct  sum  of  all  symmetry  coordinates  were  the  same 
Tne  force  constants  were  computed  by  trial  and  error  with 
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(17)  E.  A.  Robinson,  Can.  J.  Chtm.,  41,  3021  (1963).  ’ 
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Table  IV.  Stretchin*  Force  Constants  (mdyn/A)  of  CIO,  F,  * 


Compared  to  Those  of  Related  Compounds 

/cio 

far 

far' a 

GQjFj* 

12.1 

CIF,*  i 

4.7 

ClFaO+* 

11.2 

CIF/ 7 

4.7 

FCKV 

9.4 

CIF/* 

4.5 

3.2 

OFjO* 

9.4 

C10,F/ 

4.46 

fckv 

9.1 

CIF,  J 

4.2 

2.7 

FCKV 

3.9 

ao/f 

9.0 

CIF, m 

3.5 

2.7 

C1F.O-* 

8.9 

C1F,0*  b 

3.4 

OF,Oa-  h 

8.3 

ctF,<y 

3.2 

2.3 

FCKV 

2.5 

CIF/  " 

2.4 

CIF,  ° 

2.1 

CIF,0"  * 

1.9 

C1F,0,  - * 

1.6 

a C1F  bonds  for  which  strong  contributions  from  semiionic  three- 
center.  four-electron  bonds  can  be  invoked.  b Reference  16.  c W. 
Sawodny,  A.  Fadini,  and  K.  Ballein,  Spectrochim  Acta,  21 , 995 
(1965).  * K.  O.  Christe  and  E.  C.  Curtis,  Inorg.  Chem.  1 1,  2196 
(1972).  • D.  F.  Smith,  G.  M.  Begun,  and  W.  H-  Fletcher,  Spectro- 
chim Acta.  20,  1763  (1964).  t Reference  19.  * K.  O.  Christe  and 

E.  Curtis,  Inorg.  Chem , 11,2209  (1972).  h K.  0.  Christe  and  E.  C. 
Curtis,  ibid..  11,  35  (1972).  ' K.  O.  Christe,  ibid.,  in  press,  i X.  0. 
Christe  and  C.  J.  Schack,  ibid..  9,  2296  (1970).  * Reference  25. 

1 R.  A.  Frey,  R.  L-  Rodington,  and  A.  L.  K.  Aljibury,  J.  Chem.  Phys., 
54,344(1971).  ™ Reference  24.  » K-  O.  Christe,  W.  Sawodny,  and 
J.  P.  Guer tin, Inorg.  Chem.  6,  1 159  (1967).  ° K.  O.  Christe  and  W. 
Sawodny.  Z.  Anorg.  Allg.  Chem.  374,  306  (1970). 

the  aid  of  a computer,  requiring  exact  fit  between  the 
observed  and  computed  frequencies.  The  results  are  given  in 
Table  III  where  the  force  constants  not  shown  were  assumed 
to  be  zero.  The  values  shown  for  sets  1-1 II  were  the  simplest 
set  that  would  give  an  exact  fit  and,  with  the  exception  of 

F,  o,  represent  a diagonal  symmetry  force  field.  By  analogy 
with  isoelcctronic  S02F2,28  a nonzero  value  was  required  for 

to  fit  the  observed  frequencies.  Its  value  was  assumed  to 
be  0.5  to  obtain  a plausible  value  for  Table  III  demon- 
strates the  dependence  of  the  force  constants  on  the  chosen 
bond  angles  and  the  impossibility  to  achieve  a fit  between 
the  observed  and  the  computed  35CI-37C1  isotopic  shifts  by 
simple  variation  of  the  bond  angles.  Numerical  experiments 
confirmed  that  nonzero  off-diagonal  symmetry  force  con- 
stants are  required  to  fit  the  observed  isotopic  shifts.  The 
results  for  the  more  likely  geometries  I and  II  are  listed  as 
sets  IV  and  V,  respectively,  in  Table  III.  In  the  Aj  symmetry 
block,  the  only  interaction  constant  capable  of  sufficiently 
decreasing  the  p,  isotopic  shift  is Fn.  The  experimental 
data  do  not  permit  us  to  distinguish  between  sets  IV  and  V. 
However,  the  variation  in  the  two  force  constants  of  greatest 
interest,  fD  and  fR,  is  relatively  small.  Consequently,  their 
values  might  be  expected  to  approach  those  of  a general 

(38)  W.  D.  Perkins  and  M.  K.  WUson,  J.  Chem.  Phyt.,  20,  1791 
(1952). 


valence  force  field.  A statistically  meaningful  uncertainty 
estimate  cannot  be  made  for  the  force  constant  values  owing 
to  their  underdetermined  nature  and  to  the  lack  of  exact 
structural  data.  Hov.ever,  the  numerical  data  of  Table  III 
allow  some  conclusions  concerning  tire  ranges  of  possible 
solutions.  It  should  also  be  mentioned  that  the  observed 
35C1-37C1  isotopic  shifts  varied  slightly  depending  on  the 
nature  of  the  anion.  In  C102F2+BF4~  for  both  the  solid  state 
and  the  HF  solution,.isotopic  shifts  of  7.5  and  15.9  cm-1 
were  observed  for  r>,  (A,)  and  v6  (B^,  respectively.  For 
solid  C102F2*PtF6'  the  corresponding  values  were  8.5  and 
16.6  cm'1. 

Of  the  internal  force  constants,  the  stretching  force  con- 
stants are  of  greatest  interest  since  they  can  be  used  as  a 
measure  for  the  relative  covalent  bond  strength.  The 
stretching  force  constants  of  C102F2+  are  listed  in  Table  IV 
and  compared  to  those  of  related  molecules  and  ions.  Com- 
parison of  the  CIO  stretching  force  constant  of  C102F2+  (12.1 
mdyn/A)  with  those  listed  in  Table  IV  shows  that  it  is  the 
highest  value  known  for  a CIO  bond.  This  is  not  surprising, 
since  the  central  atom  in  C102F2*  has  a high  oxidation  state 
(+VII),  highly  electronegative  ligands,  and  a formal  positive 
charge  (cation).  The  influence  of  these  factors  on/oo  has 
previously  been  discussed16  for  C1F20*  and,  hence,  will  not 
be  reiterated.  By  analogy  with  C1F20\  the  only  other  known 
species  exhibiting  a fcyo  value  of  similar  magnitude,  contribu- 
tions from  the  resonance  structure 

0* 


:F: 

might  be  invoked16  to  explain  the  liigh /ck0  value.  The  value 
of  the  C1F  stretching  force  constant  (4.46  mdyn/A)  falls 
within  the  range  expected  for  a predominantly  covalent  C1F 
bond.  The  interpretation  of  relatively  small  differences 
(-■'0.3  mdyn/A)  in  the  CIF  stretching  force  constant  values 
listed  in  Table  IV  should  be  done  only  with  caution  since 
most  values  were  computed  from  underdetermined  systems 
and  might  be  significantly  influenced  by  the  chosen  stretch- 
bend  interaction  constants. 

Registry  No.  C1FA,  38680-84-1 ; BFj,  7637-07-2;  AsF}, 
7784-36-3;  (C102F2)BF4,  38682-34-7;  (ClOjFjJAsF*,  39003- 
82-2 ; (CI02 F2)Pt F6 , 36609-92-4;  (C102)PtF6, 38123-66-9. 
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ON  TH8  BIACTION  OF  Cl^AaTg"  WITH  _JSJ« 

E»-l  0.  Christ*  ud  Hi  chard  D.  Vilaon 
Eocketdyne,  A Division  of  Bockvell  International, 
Canogm  Bark,  Californio  £1304 

IfUfMi  April  WSJ 


In  tbo  presence  of  strong  La  vis  acids , Xe?2  can  act  as  a powerful  floor  loot  log 
oxidimer  (l,2).  For  example,  it  can  fluorinnts  Br2  or  Ig  (3)  resulting  in  tbs 
formation  of  BtF^  and  2r&«  respectively,  as  rbowu  by  the  folloving  idealised 
equation! 

3 XsF+BF4“  + to2 >2  BrF2+BF4“  + BFa  + 3 X* 

followed  by  dissociation  of  the  thermally  unstable  B rFg  BF^  complex  to  BrF^  aid 
BJ?3  (4).  However , to  our  lcnovledga,  no  exanple  has  been  reported  for  the 
marie  reaction  of  this  type,  i.*.t  the  oxidative  fluorination  of  X*  by  s 
halogen  fluoride  under  mild  conditions.  Furthermore , previous  studies  have  shown 
that  both  ClF  (6)  and  CIF^  (8)  do  not  interact  with  Xs. 

V*  have  new  found  that  the  addition  of  a Levis  acid  to  ClF,  which  causes  ClgF* 
formation  (7),  also  increases  the  oxidising  power  of  ClF  significantly  so  that  it 
can  finer inate  Xs  according  tot 

ClgF^AsFj”  + X* ► X*F+AsF#"  + Clj 

followed  by  the  known  (8)  reactions 
2 X*F+AsF#“  


>Xe2F3+AsF4-4XsF6 
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These  results  suggest  that  the  oxidizing  power  of  cations  decreases  in  the 
following  order,  Cl Jf*  > X eP+  or  Xe^Pg+  > BrFg+,  and  that  the  enhanceaMnt  of 
the  oxidising  power  of  an  aaphoteric  molecule  by  the  addition  of  a strong  Lewis 
acid  ia  not  limited  to  XeFg  but  is  probably  quite  general.  Furthermore , the  fact 
that  CLP  ia  poeudo-isoelectroaic  with  XeF+  but  acts  as  a rather  nild  fluor mating 
oxidiaer,  indicates  that  a specific  valence  electron  configuration  is  not  the 
main  cause  for  unusual  oxidising  power.  Kather,  it  appears  that  cation  formation, 
i.e.,  a formal  positive  charge,  is  more  important. 

Ksperimental  Section 

Xenon,  C1F,  and  A*F^  (2. GO  mmol  each)  were  combined  at  -100°  in  a passivated 
(with  ClTg)  25  ml  sapphire-stainless  steel  reaction  tube.  The  mixture  was 
allowed  to  warm  up  to  25°  and  was  kept  at  this  temperature  for  one  hour.  The 
mixture  was  recooled  to  -100  and  did  not  show  the  presence  of  any  noncondensible 
material.  After  removal  of  the  products  volatile  at  25°  by  pumping,  a white 
solid  residue  (83  mg)  was  obtained.  The  volatile  material  was  condensed  back 
into  the  reactor  at  -100°.  The  contents  were  kept  at  -80°  for  1.5  hours*  The 
reactor  i«s  allowed  to  warm  to  25°  and  the  volatile  products  were  separated  by 
fractional  condensation.  They  consisted  of  Xe  (1.88  maol)  and  a mixture  of  ClF, 
Clg,  and  AsFfi  (total  of  8 inwl)  which  could  not  be  separated  completely  by 
fractional  condensation  owing  to  partial  formation  of  the  known  Cl^isfj"  ' (7) 
and  Clg^AsTg  (#)  adducts.  The  white  solid  residue  (157  mg)  showed  the 
vibrational  spectnm  and  x-ray  powder  diffraction  pattern  characteristic  (10) 
fer  moneclinic  Xe^islj*.  The  latter  probably  formed  from  tbo  original 
XaF+AaFg  (as  indicated  by  the  material  balance)  by  loss  of  AaFg  during  sample 
preparation  in  the  glove  box  (8).  Previous  reports  (8,11)  an  tbs  infrared 
spectrum  and  x-ray  powder  pattern  diverge.  Our  data  are  in  excellent  agreement 
with  the  data  if  Bartlett  et  al  • (8),  but  disagree  with  those  reported  by 
Biaenbeyn  et  sl.(ll). 
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Vibrational  spectra  o!  trifluoroacetates 
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(Racawtd  12  February  1073;  Rtvitod  21  May  1073) 

Abstract — Infrared  and  Raman  spectra  of  CeI(OtCCF,)4  and  Cs,I(0,CCP,)4  are  reported  and 
compared  to  those  of  the  free  triduoroaostate  anion  and  oovalent  trifluoroaoetyl  oompour.dA 
The  bonding  of  the  trifluoroaoetate  group  in  [IlOjCCFjJj]-  is  best  interpreted  as  being  oovalent 
with  strong  ionio  contributions.  The  vibrational  spectrum  of  the  free  trifluormwetate  ion  is 
reassigned. 


Introduction 

The  tbjflttoboacetat*  group  is  frequently  used  as  a ligand  in  coordination  chem- 
istry. In  most  cases,  vibrational  spectroscopy  is  used  to  postulate  either  ionio,  cova- 
lent, monodentate,  or  bidentate  structures.  However,  these  postulates  are  frequently 
based  exclusively  on  minor  frequency  changes  or  splittings  and  consequently  are  not 
convincing.  The  reoent  synthesis  [1]  of  Os+[I(OtOCFI)J-  presented  an  opportunity 
to  study  the  vibrational  spectrum  of  a trifluoroaoetato  ligand  expected  to  be  con- 
siderably more  oovalent  than  metal  trifluoroacetates,  but  more  polar  than  organic 
trifluoroaoetyl  compounds.  The  oovalent  character  of  the  trifluoroaoetato  ligand  in 
its  iodine  (III)  compound  is  suggested  by  the  nature  of  its  analogous  perohlorato 
[2]  and  nitrate  [3]  salts,  Ca+[I(0C10*)4]~  and  [N (CH,)4] +[I  (NOJJ-,  respectively. 
In  addition,  the  skeleton  of  I(O1C0Fs)4~  might  be  expected  to  have  relatively  high 
symmetry  since  the  IF4~  aiyon  was  recently  shown  [4]  to  be  square  planar.  When 
comparing  the  assignments  reported  [5-8]  for  the  free  trifluoroaoetate  anion  with 
those  more  recently  reported  [9-12]  for  a number  of  simple  covalent  trifluoroaoetyl 
compounds,  the  need  of  revising  the  assignments  for  the  free  ion  became  obvious. 
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EXPXBIHENTAL 

The  preparation  of  CsI(0tCCF|)4  and  GatI(OtCCFs)(  has  previously  been  de- 
scribed [1].  Silver  trifluorcaoetate  was  prepared  from  Ag,0  and  CFtCOOH  and 
vacuum  dried  at  100°C  [7],  Sodium  and  cesium  trifluoroacetate  were  purchased  from 
Peninsular  fih«min*1  Research.  The  infrared  spectra  of  the  solids  were  recorded  as 
dry  powders  in  pressed  AgBr  disks  on  a Perkm-Elmer  Model  457  spectrophotometer 
in  the  range  4000-250  cm-1.  The  instrument  was  calibrated  by  comparison  with 
standard  calibration  point*  [IS].  The  Raman  spectra  were  recorded  on  a Cary  Model 
83  spectrophotometer  using  the  4880  A line  of  an  Ar  ion  laser  and  melting  point 
glass  capillaries  as  sample  containers  in  the  transverse  excitation-transverse  viewing 
mode. 


Results  and  Discussion 

Observed  spectra 

The  vibrational  spectra  of  solid  CsI(OtCCFt)4,  CssI(OtCCF,)4,  NaO,CCF,,  and 
AgOtOCF„  and  of  an  aqueous  solution  of  NaO,CCF,  are  shown  in  Figs.  1 and  2. 
The  observed  frequencies  are  listed  in  Tables  1 and  2.  The  Raman  spectrum  of  an 
aqueous  AgOlCCFt  solution  was  also  reoorded.  It  closely  resembled  that  of  the 
sodium  salt  solution  and,  henoe,  is  not  listed.  The  spectra  observed  for  the  metal 
trifiuoroaoetates  are  in  good  agreement  with  those  previously  reported  [5-8]. 


Assignments  for  the  trifluoroacetate  ion 

A comparison  between  the  assignments  reported  [5-8]  for  CFsCOt~  and  those 
made  for  a series  of  trifluoroaoetyl  compounds  [9]  revealed  major  discrepancies. 
Consequently,  the  vibrational  spectrum  of  the  free  trifluoroacetate  was  reassigned 
based  on  the  results  of  the  thorough  studies  of  Bkbnky  [9]  on  trifluoroaoetyl  com- 
pounds. For  the  GFsCOt~  anion,  a structure  of  symmetry  C,  was  assumed  based  on 
the  known  [14]  structure  of  isoalectronic  CFjNO,.  This  structure  has  only  one 


symmetry  element,  i.e.  a symmetry  plane  perpendicular  to  the  OO,  plane.  Our 
revised  assignments  are  summarised  in  Table  1 and  were  made  by  analogy  with  the 
well  established  assignment*  of  CF,0OF  [9].  The  obeerved  intensities  and  Raman 
polarisation  measurements  are  in  good  agreement  with  the  prediction*  for  symmetry 
C,.  For  specie*  a',  one  of  the  Raman  bands  (598  cm-4)  appears  to  be  depolarized. 
However,  the  o'  bands  oan  be  either  polarized  or  depolarized,  and  the  corresponding 
Raman  band  in  CF,OOF  also  showed  a high  depolarisation  ratio  of  0.78  [9]. 

[12]  S.  K.  Fltus,  ▲.  Dorn,  L.  R.  Buum  and  K-  D.  Txdwbzl,  J.  Sts.  Nad.  Bur.  Sid.  84,  841 
(1M0). 

[14]  W.  M.  Tom,—.  E.  TamnunuuK  and  W.  D.  Qwmr,  J.  Oksm.  Phpt.  42,  2019  (IMS). 
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Fig.  1.  Raman  spectrum  of  solid  Na+CFjCOg-  (trace  A),  of  an  aqueous  eolution 
of  Na+CF^OQ,-  traces  B and  C,  incident  polarisation  perpendicular  and  parallel, 
respectively,  of  eolid  Cel  (OyOCFt)4  at  three  different  recorder  voltages  (traces  D,  E 
and  F),  and  of  solid  OtjUOjOCF,),  at  three  different  recorder  voltages  (traoee  O.  H 
and  I).  K indicates  spectral  slit  width;  as  citing  line  4*80  A. 

Nature  qf  tiu  iodine  tri/lma  Mattel*  bond  is  CalfOjOCF,)* 

CowsUnt  or  ionic?  The  next  and  meet  difficult  question  deals  with  the  nature  of 
the  trifluarauatate  ligand  in  CaI(0,0CFt)4.  A review  of  the  literature  on  trifluoro- 
aoetate  ae  a ligand  reveals  numerous  studies.  However,  the  conclusions  reaohed  are 
often  conflicting.  This  is  due  to  the  fact  that  most  studies  deal  with  trifluoroaootato 
complexes  of  metals.  In  this  type  of  adduct,  the  trifluoroaoetate  ligand  is  essentially 
a free  trifluoraoetate  ion  [15],  which  is  only  weakly  bwded  to  the  metal  atom.  As 

[16]  A good  example  toe  proving  this  point  is  the  crystal  structure  of  the  OofOjOCFj),*-  anion 
in  which  the  trifluoraaeetata  ligands  exhibit  in  spite  of  their  monodsn tate  nature  Cj — Oj 
and  Cj — Oj  bond  distances  idsntical  within  experimental  error  [J.  G.  Bnostai,  Ja.  and 
F.  A.  Conor,  faery.  Cheat.  i,  54*0  (IMS)]. 
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Fig.  2.  Infrared  spootrum  of  aolid  Na+CFjCO,-  (trace  A),  of  »olid  Ag+CFjCO," 

(traoe  B),  of  solid  CaI(OtOCFa)4  (traoe  C),  and  of  solid  CstI(OaCCFa)(  (trace  D) 

reoorded  as  AgBr  pellets. 

a consequence,  the  vibrational  frequencies  of  the  trifluoroacetato  group  are  very 
similar  to  those  of  the  free  trifluoroaoetate  ion  and  exhibit  only  small  relative 
changes.  Without  detailed  structural  data,  such  as  X-ray  diffraction  studies,  it  is 
difficult  to  correlate  these  small  frequency  shifts  with  structural  parameters.  For 
example,  small  changes  in  the  0—0 — 0 bond  angle  due  to  the  size  of  the  metal  atom 
or  crystal  packing  are  difficult  to  separate  from  effects  caused  by  mono  or  bidentate 
coordination. 

In  CaI(0,CCF»)4,  the  bands  due  to  the  0 — OF,  part  of  the  triffuoroacetate  group 
are  very  characteristic  and  can  readily  be  assigned  (see  Table  2).  Consequently, 
we  will  discuss  mainly  the  vibrations  associated  with  the  CO,  group  and  the  I04 
skeleton.  To  better  understand  the  nature  of  the  trifluoroaoetate  group,  let  us  first 
consider  the  two  extreme  oases,  i.e.  the  free  trifluoroaoetate  anion  and  the  highly 
oovalent  CF,C(0)0CH,  molecule  [11].  Whereas  the  average  of  the  two  CO  stretching 
frequencies  (1600  cm~l  for  CF,C(0)0CH,  and  1669  cm-1  for  CF,(CO,~)  and,  hsnoe, 
the  average  00  band  order  changes  little,  their  frequency  separation  (686  cm-1  for 
0F,C(0)0CH,  and  242  cm-1  for  CF,00,~)  is  very  different.  Furthermore,  in  the 
oovalent  trifluoroacetates  of  the  type  X0,0CF,  bands  due  to  the  XO  vibrations  will 
appear  and  show  increasing  frequencies  with  incrossing  oovalent  character  of  the 
X — 0 bond.  Inspection  of  the  0sI(0,0CF,)(  spectrum  reveals  a 00  stretching 
frequency  separation  of  about  S66  cm-1  and  the  presence  of  skeletal  10  stretching 
modes  as  high  as  600  cm-1.  Since  the  frequencies  of  the  latter  almost  approach  the 
frequency  range  expected  for  oovalent  I — 0 single  bonds,  the  bonding  of  the  tri- 
fluoroaoetate group  in  0sI(0,0CF,)4  is  best  described  as  being  oovalent  with  strong 
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Table  2.  Vibrational  spectrum  (cm-1)  of  solid  Co+I(0#CCFj)4- 
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ionic  contributions.  The  ionic  nature  of  an  X — 0,CCF,  bond  might  be  expected  to 
increase  with  decreasing  electronegativity  of  the  X atom.  Experimental  evidence 
for  this  trend  has  been  found  [16]  for  the  trifluoroaoetatea  of  C>  Si,  Ge,  and  Sn. 
Within  this  series,  the  C— O stretching  frequency  decreases  from  1852  cm  in 
CF,0C(0)CF,  [10]  to  1750  cm-1  in  Sn(OlCCF,)4  [16],  a frequency  approaching  those 
observed  for  CsIfC^CCF,)*  (see  Table  2).  Further  proof  for  the  highly  covalent 
nature  of  the  trifluoroaoetatea  of  the  group  IV  elements  consists  of  their  high  vola- 
tilities [16].  Unfortunately,  only  the  carbonyl  stretching  frequencies  have  been 
reported  for  these  trifluoroaoetatea  [16],  except  for  (CHj)tSn0t0CF#  which  in  0Ci4 
solution  shows  00t  stretching  modes  ot  1720,  1660,  and  1400  cm-1  [17].  The  fact 
that  a decrease  of  the  carbonyl  frequency  is  generally  accompanied  by  an  increase 
of  the  0 — O frequency  has  also  been  reoognixed  by  Vaarrn  and  Aymokino  [18]. 

Monodeniaie  or  bidetUaUt  The  trifluoroaoetate  group  oould  function  as  a mono- 
dentate  or  as  a bidentate  ligand.  In  connection  with  CsI(OtOCF,)t,  we  will  discuss 


[16]  P.  Ssaros: i and  If.  Wactmuoi,  CKcm.  Btr.  100,  2049  (1967). 

[17]  E.  V.  Vax  dix  Bxsoax,  G.  P.  Vax  dxx  Kslxm  sad  J.  Albsscxt,  /nory.  Chim,  Acta  2,  89 
(1968). 

[18]  E.  L.  Vauiti  and  P.  J.  Arvomo,  Sptctrockim.  Acta  27A,  183  (1971). 
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mainly  covalent  ligands.  Again,  let  us  consider  the  two  ideal  cases,  i.e.  a mono- 
dentate  and  a symmetric  bidentate  trifluoroaoetate  group.  A covalent  mono- 
dentate  group  should  exhibit  a spectrum  similar  to  that  observed  for  CH,0C(0)CF, 
[1 1],  i.e.  a high  0-0  double  bond  and  a low  C — 0 stretching  frequency.  In  addition, 
the  trifluoroaoetate  group  no  longer  possesses  a symmetry  plane.  This  removes  the 
degeneracy  between  the  FCF,  and  the  antisymmetric  CF,  stretching  mode  and 
allows  the  observation  of  a total  of  three  CF,  stretching  modes  in  the  1100-1300  cm-1 
frequency  range.  For  a oovalent  symmetric  bidentate,  trifluoroaoetate  group,  the 
two  CO  bonds  should  be  equivalent,  causing  a strong  mixing  of  their  stretching 
motions.  Instead  of  a C— O and  a C — O stretch,  one  obtains  a symmetric  and  an 
&ntisymmetrio  CO,  stretch  with  a CO  bond  order  about  1.5.  The  two  CO,  stretching 
frequencies  and  their  difference  should  be  comparable  to  those  of  the  free  trifluoro- 
acetate  anion  [19].  A minor  decrease  in  the  frequency  difference  might  be  expected 
for  the  bidentate  ligand  when  compared  to  the  free  ion,  if  one  assumes  that  the  AO, 

/°\ 

bonding  in  A^  — will  decrease  the  CO,  bond  angle  from  the  120°  value  in  the 
O 

free  ion  towards  90°.  This  decrease  in  the  bond  angle  would  decrease  the  coupling 
between  the  two  CO  motions  and  make  their  frequencies  more  similar.  In  addition, 
one  might  expect  the  bidentate  ligand  to  have  the  same  symmetry  (C,)  as  the  free 
ion  and,  therefore,  to  show  only  two  CF,  stretching  modes  owing  to  the  degeneracy 
between  »,  and  tu  (see  Table  1).  Consequently,  distinction  between  a covalent 
symmetric  bidentate  ligand  and  the  free  ion  may  be  difficult  baaed  upon  the  CO, 
stretching  frequencies  alone.  However,  the  appearance  of  the  AO,  modes  in  the 
lower  frequency  range  of  the  spectrum  should  clearly  distinguish  between  the  two 
possibilities. 

Applica  tion  of  this  reasoning  to  CsI(0,CCF,)4  clearly  rules  out  the  possibility  of 
a symmetric  bidentate  structure.  To  what  extent  back  donation  of  electrons  of 
the  carbonyl  group  (whioh  is  generally  a good  donor)  to  iodine  in  a monodentate 
structure,  such  as  I(0,CCF,)4~  takes  place  is  difficult  to  judge  from  the  preaently 
available  data  and  might  be  a matter  of  semantics. 

Skeletal  modes 

It  was  previously  shown  that  the  IF4~  anion  is  square  planar  having  symmetry 
[4],  For  the  I04  skeleton  in  I(O,0CF,)4~  such  a planar  configuration  is  un- 
likely. Comparison  with  other  oxygen  bridged  species  such  as  F4AsOAsF4*-  and 

0 

/ \ 

F,As  AsF4»- 

\ / 

0 

suggests  A — 0 — A bond  angles  of  shout  140  and  95°  [20]  for  mono-  and  bidentate 

[19]  For  a theoretical  treatment  of  bidentate  bonding,  mss  R.  £.  Hzrrx*  and  W.  E.  L.  Qbossmxk, 
In, org.  CKtm.  i,  1308  (19M). 

(20)  W.  Haas*,  Btr.  Bunt*  Q*».  76,  1000  (1972). 


o 


187 


2024 


Ka»t.  O.  Cubists  and  Dura  Napxanm 


bonding,  respectively,  of  a trifluoroacetate  group.  The  actual  I — 0 — C bond  angle 
should  be  influenced  by  the  degree  of  back  donation  of  electrons  of  the  carbonyl 
oxygen  to  iodine  and  mutual  repulsion  between  the  atoms  involved.  In  any  case 
distortion  of  the  I04  part  from  symmetry  Du  is  expected  and  a puckered  arrangement 
of  the  oxygens  around  iodine  is  likely. 

Comparison  of  the  skeletal  modes  of  I(04CCF*)4-  with  those  reported  for  the 
related  I(0C104)4~  [2]  and  I(0S04F)4~  [21]  anions  shows  relatively  poor  agreement. 
This  indicates  that  the  assumed  structural  models  may  be  too  simple  and  calls  for 
structural  studies  such  as  X-ray  diffraction,  which  will  yield  more  accurate  in- 
formation. Similar  data  are  required  for  Cs,  I(OlCCF,)4. 
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Chlorine  Trifluoride  Dioxide. 
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The  infrared  spectra  of  gaseous,  solid,  and  matrix-isolated  C1F,0,  and  the  Raman  spectra  of  gaseous  and  liquid  C1F,0,  are 
reported.  Twelve  fundamental  vibrations  were  observed,  consistent  with  a structure  of  symmetry  C,„.  A modified  valence 
force  field  and  thermodynamic  properties  were  computed  for  C1F,0,. 


Introduction 

A brief  note  on  the  existence  of  C1F302  was  recently  pub- 
lished by  Christe.1  In  a subsequent  paper,2 3 4 5 6  more  details  on 
its  synthesis  and  physical  properties  were  given.  Proof  for  a 
pseudo- trigonal-bipyramidal  structure  of  symmetry  C^  was 
obtained2  from  its  *9F  nmr  spectrum,  which  showed  an  AB2 
pattern  with  strong  evidence  for  the  two  equivalent  fluorine 
atoms  occupying  the  apical  positions.  In  this  paper,  we  re- 
port the  complete  vibrational  spectrum,  force  constants,  and 
thermodynamic  properties  of  C1F302. 

Experimental  Section 

The  synthesis  and  purification  of  C1F,0,  has  previously  been  des- 
cribed.1 •’  The  sample  used  in  this  investigation  showed  no  detectable 
impurities  except  for  small  amounts  of  FCIO,  which  easily  forms 
during  handling  and  cannot  be  separated  from  OF,0,  by  fractional 
condensation.’  The  amount  of  FCIO,  formed,  however,  could  be 
minimised  by  thorough  passivation  of  the  stainless  steel-Tcflon  FEP 
vacuum  system  with  BrF,  and  C1F,.  For  example,  the  infrared  spec- 
trum of  gaseous  C1F,Q,  at  700  mm  pressure  showed  the  pretence  of 
less  than  0.1  mol  % of  FCIO,. 

The  infrared  spectra  were  recorded  on  a Perkin-Eimer  Model  457 
spectrophotometer  in  the  range  of  4000-250  cm'1 . The  instrument 
was  calibrated  by  comparison  with  standard  gas  calibration  points.  * 
The  gas  cell  was  made  of  Teflon  and  had  a path  length  of  5 cm  and 
AgCl  windows.  The  apparatus,  materials,  and  technique  used  for  the 
matrix-isolation  study  have  previously  been  described. 4 •*  Raman 
spectra  were  recorded  on  a Cary  Model  83  spectrophotometer  using 
the  4880-A  line  of  an  Ax  ion  later  as  the  exciting  line.  A stainless 
steel  cell  with  Teflon  O rings  and  sapphire  windows  wat  used  for  ob- 
taining the  spectrum  of  the  gas.  The  design  of  this  cell  was  similar  to 
that  of  a cell  described  previously.*  The  spectrum  of  the  liquid  was 
obtained  using  a Teflon  FEP  capillary  as  the  sample  container  in  the 
transverse  excitation-transverse  viewing  mode. 

Results  and  Diacuarion 

Vibrational  Spectra.  Figure  1 shows  the  infrared  spectra  of 
gaseous,  solid,  and  N2-matrix-holated  C1F302  and  the  Raman 
spectra  of  gaseous  and  liquid  C1F302  at  various  concentra- 
tions. The  spectra  of  solid  C1F302  were  corrected  for  small 
amounts  of  FG02 . The  FC102  bands  were  verified  by  de- 
positing pure  FC102  on  top  of  the  ClFjO;  sample  and  ob- 
serving the  relative  growth  rates  of  the  bands.  Figure  2 shows 
the  most  intense  infrared  bands  of  gaseous  and  matrix-iso- 
lated C1Fj02  at  higher  resolution  allowing  some  conclusions 
about  the  band  contours  and  the  determination  of  the  *C1- 
J/CI  isotopic  shifts.  Table  I lists  the  observed  frequencies. 
Table  11  lists  the  fundamental  vibrations  of  C1F202  and  their 

(1)  K.  O.  Chriata , Inorg.  Noel.  Chem.  Lett.,  t,  4*7  (1972). 

(3)  K.  O.  Chriata  and  R.  D.  Wikon,  Inorg.  Chem..  12,  1356  (1973). 

(3)  E.  K.  Plylar.  A.  Dantl.  L.  R.  BUina,  and  E.  D.  Tldwali,  J.  Ret. 
Net.  Bur.  fltand, , 44,  941  (i960). 

(4)  K.  O.  Christa  and  D.  PUipovich,  J.  Amer.  Chem.  Soc..  93.  51 
(1971). 

(5)  K.  O.  Chriata,  Spectrcchim.  Acta,  Part  A,  27,  631  (1971). 

(6)  E.  L.  Gaanar  and  H.  H.  daaaaeo,  Inorg.  Chem.,  6,  1937  (1967). 


assignment  compared  to  those  of  the  related  species  ClFj,7 
C1F30,*  C1F20j-,9  C1F47°  and  C102\“ 

The  structure  of  C1F302  can  be  derived  from  a trigonal  bi- 
pyramid, in  which  the  two  oxygen  ligands  could  occupy  both 
apical  (1),  one  apical  and  one  equatorial  (II),  or  two  equato- 
rial (III)  positions.  (See  Chart  I.)  These  three  models  be- 
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long  to  different  point  groups  and  should  differ  markedly  in 
their  vibrational  spectra.  The  observation  of  a total  of  12 
fundamentals  for  C1F302  (see  Figures  1 and  2 and  Table  1) 
with  a minimum  of  ten  bands  being  active  in  the  infrared  and 
the  Raman  spectra,  together  with  the  occurrence  of  four  or 
five  polarized  Raman  bands,  rule  out  point  group  Dm  and 
favor  Civ  over  C«-  Additional  strong  evidence  for  symmetry 
Civ  consists  of  the  relative  infrared  and  Raman  intensities  and 
of  the  frequency  separation  of  the  C1F2  stretching  modes, 
indicating  a highly  symmetric,  Le. , approximately  linear, 

FC1F  arrangement.  Comparison  with  the  vibrational  spectra 
of  a number  of  related  species  having  geometries  similar  to 
that  of  model  HI  (see  Table  II)  also  supports  model  III.  This 
conclusion  in  favor  of  model  III,  reached  exclusively  on  the 
basis  of  the  observed  vibrational  spectrum,  is  in  excellent 
agreement  with  the  observed  ,9F  nmr  spectrum2  and  the  gen- 
eral observation12  that,  in  trigonal-bipyramidal  molecules,  the 
most  electronegative  ligands  always  occupy  the  apical  posi- 
tions. 

The  12  fundamentals  expected  for  an  molecule  of 

symmetry  C’*,  are  classified  as  5 At  + A2  + 3 Bt  + 3 Bj.  All 
of  these  should  be  active  in  both  the  infrared  and  Raman 
spectra  except  for  the  A2  mode  which  should  be  only  Raman 

(7)  H.  Sails.  H.  H.  Claaaaan,  and  J.  H.  HoUowsy,  1.  Chem.  Phy*.. 
52.  3517  (1970). 

(t)  K.  O.  Chriata  and  E-  C.  Curtk,  Inorg.  Chem.,  11,  2196  (1972). 

(9)  K.  O.  Chriata  and  E.  C.  Curtia,  Inorg.  Chem.,  1 1 , 35  (1973). 

(10)  K.  O.  Chriata  and  W.  Sawodny,  to  ba  tubmiitad  for  publics- 

(1 1)  K.  O.  Chriata,  C.  1.  Sc  hack,  D.  PUipovich,  and  W.  Sawodny, 
Inorg  Cham.,  S,  2459  (1969). 

(12)  R.  F.  Hudaon,  Ahgew.  Chem.,  Int.  Ed.  Engl.,  6,  749  (1967). 
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FREQUENCY.  «■*' 


Figure  1.  Infrared  and  Raman  apectra  of  ClF,0, . Tracer  A and  B 
repreaent  the  infrared  apectra  of  22.3  and  230  ^mol,  reapecttveiy,  of 
neat  aolid  C1F,0,  at  4*K;  tracer  C and  L),  the  infrared  ipcclra  of 
0.89  and  20.6  nmol,  respectively,  of  ClF,Qa  in  a N,  matrix  (mole 
ratio  1 :760)  at  4*K;  traces  E-H,  the  infrared  spectra  of  gaseous 
C1F,0,  at  the  denoted  pressures  in  a 5-cm  path  length  cell;  traces  1 
and  K.  the  Raman  spectra  of  gaseous  C1F,6,  at  4 atm  pressure  irt  a 
stainless  steel  cell  with  sapphire  windows;  traces  L and  M,  the  Raman 
spectra  at  two  different  recorder  voltages,  respectively,  of  liquid 
C1F,Oj  in  a Teflon  FEP  capillary  at  25” ; S indicates  spectral  slit 
widths  and  f indicates  polarized  bands. 

active.  The  strong  bands  at  about  1327  and  1093  cm'1  have 
frequencies  too  high  for  any  Cl-F  stretching  modes  and, 
hence,  must  be  assigned  to  the  antisymmetric  and  symmetric 
ClOj  stretching  modes,  respectively.  The  antisymmetric 
axial  F-Cl-F  stretching  mode  should  occur  in  the  600-800- 
cm'1  frequency  range,  be  of  very  high  infrared  and  very  low 
Raman  intensity,  and  by  comparison  with  ClFjQ*  and  C1F37 
show  a **C1-37C1  isotopic  shift  of  about  1 1 cm'1.  Conse- 
quently, this  mode  must  be  assigned  to  the  bands  observed 
at  686.3  and  674.7  cm-1  in  the  N3  matrix.  The  symmetric 
axial  F-Cl-F  stretching  mode  should  occur  in  the  450-570- 
cm'1  frequency  range  and  be  of  high  intensity  in  the  Raman 
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Figure  2.  Principal  infrared  bands  of  gaseous  and  N, -matrix-isolated 
OF ,0,  recorded  at  tenfold  scale  expansion  under  higher  resolution 
conditions.  The  frequency  denotations  refer  to  the  matrix-isolation 
spectra.  The  frequency  scale  of  the  gas  bands  has  been  slightly 
shifted  to  line  up  the  matrix  band  centers  with  the  corresponding  Q 
branches  of  the  gas  band  contours. 

and  of  very  low  intensity  in  the  infrared  spectrum.  There 
are  two  intense  polarized  Raman  bands  at  520  and  487  cm'1, 
respectively,  which  might  be  assigned  to  this  mode.  Since 
the  487-cm'1  band  is  of  much  lower  infrared  intensity  (for  an 
ideal  linear,  symmetric  F-Cl-F  group,  this  mode  should  be 
infrared  inactive  and  indeed  was  not  observed  for  gaseous 
C1F302),  it  is  assigned  to  the  symmetric  axial  FC1F  stretching 
inode.  The  fifth  stretching  mode  involving  the  equatorial 
fluorine  is  expected  to  occur  between  6S0  and  800  cm'1 , to 
be  of  medium  to  strong  infrared  intensity,  and  to  give  rise 
to  an  intense  polarized  Raman  line.  Clearly,  this  mode  must 
be  assigned  to  the  682.6-cm'1  band  in  the  matrix  and  the 
683-cm'1  Raman  band.  Comparison  with  C1F30®  and  C1F37 
indicates  a MC1-37C1  isotopic  shift  of  about  7 cm'1  for  this 
mode.  Its  37C1  part  could  not  directly  be  observed  for  the 
matrix-isolated  sample  owing  to  its  accidental  coincidence 
with  the  much  more  intense  37C1  antisymmetric  FClF  stretch- 
ing mode. 

The  remaining  seven  bands  must  be  assigned  to  the  defor- 
mation modes.  Of  these,  only  the  A3  torsion  mode  ideally 
should  be  infrared  inactive.  Since  the  Raman  band  at  about 
410  cm"1  shows  no  counterpart  in  the  infrared  spectrum  of 
the  gas,  it  is  assigned  to  this  torsion  mode.  The  520-cm'1 
Raman  band  is  clearly  polarized  and,  hence,  must  belong  to 
species  Ai . Based  on  its  relatively  high  frequency,  it  must 
represent  the  C103  scissoring  mode  and  not  the  axial  F-Cl-F 
deformation.  Based  on  the  observed  Fermi  resonance  (sec 
below)  between  the  1327-cm'1  band  and  the  1093  + 222 
cm'1  combination  band,  the  222-  and  1327-cm"1  bands  must 
belong  to  the  same  symmetry  species.  Consequently,  the 
222-cm"1  band  must  represent  the  B3  axial  F-Cl-F  deforma- 
tion. There  are  four  bands  occurring  at  about  590,  530, 

370,  and  290  cm"1,  respectively,  left  for  assignment.  Two 
of  these  represent  a rocking  and  wagging  motion,  respectively, 
of  the  C103  group  and,  therefore,  should  have  higher  fre- 
quencies than  the  two  remaining  FClF  deformations.  Atsign- 
mer.*  of  the  591-cm'1  band  to  the  C103  wag  and  of  the  531- 
cm' 1 band  to  the  C103  rock  can  be  made  based  on  the  ob- 
served gas-phase  band  contours  and  the  observed  “Cl-^Cl 
isotopic  splittings  (see  Figure  2,  traces  G-K).  The  591-cm"1 
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Table  I.  Vibrational  Spectra  of  C1F,0,  and  Their  Assignment  in  Point  Group  Cw 

Obsdfreq,  cm  '1,  and  intend 

Infrared 

SoM 

Raman 


Matrix 

Gas 

isolated 

Neat 

2655  vw 

24201 

261 S vw 

2405  >va 
2385/ 

2405  vw 

2184  vw 

2180  vw 

2012  vw 

2012  vw 

2010  vw 

1860  vw 

1850  vw 

1776  vw 

1625  vw 

1615  vw 

1610  m 

1579  vw 

1499  vw 

1495  vw 

1375  vw 
1366  vw 
13411 

1365  vw 

1375  vw 

j 

1331.4  a 

1327  . 

1331  ( 

) V$ 

13171 

1318. 8 m. 

7.315  m. 

1306 1 

1307  8 ms 

1305  n, 

1230  v. 

1230  vw 

1218  vw 

1218  vw 
1207  vw 

1200  vw 

1 195  vw 

1203  vw 

1186  vw 
1174  vw 

U73  w 
H69W 

1 ISO  vw 

1116  vw 

1093  a 

1093  nu 

1086  m 

1 080  vw  \ 
1073  vw> 
1065  vw) 

1070  vw, 

985  vw 
978  vw 

974  vw 

968  vw 

88 1 vw 
856  vw 
805  \ 
>vw 
797) 
786  vw 
772  vw 
758  vw 
702  1 


760  *h,  vw 


1320  (0.1)  br 


1093(3.5)  1090  (4.1)  pol& 


2 X 1327  = 2654 

2a, . (A,) 

1093  + 1327  = 2420 

a,  + *i.  (B»> 

2 x 1093=  2186 

2a,  <A.) 

683  + 1327  = 2010 

a,  + *ie  <*i> 

520  + 1327=  1847 

a,  + a„  G».) 

1C" 3 + 695  = 1788 

v,  < MB,) 

1093  + 683=  1776 

V,  + a,  (A,) 

1093  + 531  = 1624 

v,  + a„  (Bt) 

1093  + 520=  1613 

v,  + s>,  (A,) 

286  + 1327  = 1613 

a,  + a„  (8,) 

1093  + 487  = 1580 

a,  + *«  (A,) 

2X  487  + 520=  1494 

2a4  + v,  (A,) 

683  + 286  + 531  = 1500 

a,  + a,  + •’n  (B,) 

683  + 695=  1378 

a,  + at  (B,) 

2 X 683=  1366 

2a,  (A.) 

a„(MCl)  (B.) 

1093  + 222=  1315 

a,  + f,t  <B„> 
a„(»*a)  (B,) 

520  + 635  = 1215 

a,  + *»,  (B,) 

683  + 531  « 1214 

a,  + a,,  <B,) 

683  + 520=  1203 

a!  + v V.  ) 

2 X 592=  1184 

2*-.  (A,) 

487  + 695  = 1182 

a,  + a,  (B,) 

683  + 487=  1170 

a,  + a4  (A,) 

417  +695  = 1112 

a.  + a,  (B,) 

520  + 592  = 1112 

a,  + a,  (B,) 
a,(MCl)  (A,) 

a,(^Cl)(A,) 

695  -r  372=  1067 

a,  + a,  (A,) 

2 x 531  = 1062 

2a, , (A.) 

286  r 695  = 981 

a,  + a,  (B,) 

2 x <87  = 974 

2a4  (A,) 

286  + 592  = 878 

a,  + a,  (B,) 

487  + 372  = 859 

a.  + a,  (B,) 

520  + 286  = 806 

a,  + a,  (A  ) 

<17  + 372  = 789 

a4  + »,  (B,) 

487  + 786  = 773 

a4  + a,  (A,) 

531  + 222  = 753 

a„  +a„  (A,) 

695  I 686.3  v.  655  vs,  bi  aT(**Cl)(B,) 

687  ih  I vs  682.6  m 700  sh,  s 683(10)  675  (6.5)  pol  a,(“Cl)(A> 

683  674.7.  a*(*7Cl)  (B,) 

679  sh » 

593 s 591  mi  570  s 586  (0.1)  (Bt) 

531m  a„(**Cl)(B,) 

/m  527  m 540  th  530  ih 

531  * 528  mw  a„(”a)(B,) 

520  th,  mw  519  w 520U>,w  520(7.5)  518  (10)  pol  v,  (A,) 

487  vw  473  mw  487  (6.1)  481  (9.0)  pol  a4  (A,) 

417  vw  417  vw  402(0+)  v,  (A,) 

372*  368  w v <B.) 

28  7 w 290  w 285(0.9)  285  (1.6)  •'.(A,) 

222(0.7)  222(1.2)  a„  (B,) 

“ Uncorrected  Rtm&n  int«*»it>«?  r«prvwntlr.»  the  relative  peak  height;  the  relative  peak  width,  and,  hence,  the  relative  peak  height,  change 
hea  i>«w>u.  to  liquid  Cir  ,0,  6 only  qualitative  polerizatioii  stcMureraercta  could  be  obtained,  owing  to  the  option!  activity  of  the  tapphir 

window,  uf  the  get  c?U  and  owing  to  tlte  tendency  of  C1F,0,  to  act  a.  a plasticizer  for  the  Teflon  I'EP  capillaries. 
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baad  shows  t Q-R  btmrb  splitting  for  “OFjO,  of  about  8 
cm~  cnmpmbb  to  tUl  observed  for  the  antisymmetric 
KlFitKtdi,iif(Bi).  The  53 1 -cm" * hand  exhibits  a miss- 
ing  Q branch  and  a P-R  branch  aeparatioo  of  about  1 1 cm'' 
comperabfc  to  that  obaerved  for  the  antisymmetric  CIO, 
stretch,  i*|0(B]).  Furthermore,  the  i3 1 -cm'1  band  shows  a 
larfer  *G-  Q isotopic  splitting  than  the  one  at  591  cm'1 
in  agreement  with  the  values  (see  Table  IV)  computed  for 
the  C3Q,  racking  and  wagging  motions,  respectively.  The 
remaining  two  bands  at  286  and  372  cm'1  are  to 

the  axial  F-Cl-F  scissoring  mode  v%  (A,)  and  the  antisym- 
metric in-plane  OF,  deformation  mode,  v%  (B,).  respectively. 
This  assignment  is  baaed  on  the  observed  frequencies  and  the 
relative  infrared  and  Raman  intensities.  The  assignment  of 
the  286-cm  1 Ramin  band  to  an  A,  mode  is  further  sup- 
portr  d by  the  fact  that  it  appears  to  be  weakly  polarised. 

The  excellent  fit  between  all  the  observed  »«it  computed 
coir  buiation  bands  and  overtones  (see  Table  I)  without  viola- 
tion of  the  selection  rules  (B,  + B,  - A,  and  A,  + A,  * A, 
combinations  are  infrared  forbidden)  also  suggests  the  correct- 
ness of  the  above  assignments. 

The  observation  of  three  relatively  intense  bands  in  the  N, 
matrix  for  the  antisymmetric  CIO,  stretching  mode,  v,0  (B,), 
requires  further  explanation.  For  (his  mode,  a MC1-”C1  iso- 
topic splitting  of  about  15  cm'1  might  be  predicted  by  com- 
parison with  that  obaerved  for  related  CIO,  V1  The  com- 
bination band  1093  + 222  * 1315  cm'1  should  show  a 
considerably  smaller  “Cl-^Cl  isotopic  splitting  of  about  8 
cm  * (see  Table  IV)  and  based  on  its  frequency  fall  between 
the  Cl  and 17 Cl  isotopic  bands  of  v(0.  As  shown  schemat- 
ically in  Figure  2,  Fermi  resonance  between  V|0  and  V\  + *>„ 
will  increase  the  frequency  separation  between  the  “a  and 
G components  of  s»w  and  decrease  that  between  the  two 
isotopic  combination  bands.  This  assignment  is  supported 
by  the  observed  bandwidth*  at  halt-height  which  are  similar 
(-2.0  cm'1)  for  the  1331 .4-  and  1307.8-cm'1  bands  but 
larger  (-3.0  cm'1)  for  the  1318.8-cm'1  band.  The  disturb- 
ance by  Fermi  resonance  can  also  account  for  the  strongly 
increased  intensity  of  the  combination  band.  The  fact  that 
the  frequency  of  the  1318.3-cm'1  band  is  closer  to  1307.8 
cm  than  to  1331 .4  cm'1  agrees  with  the  observed  relative 
intensities.  The  1307.8-cm  1 band  has  lost  relatively  mote 
of  its  original  intensity  as  demonstrated  by  the  observed  in- 
tensity ratio  of  1 :4.4  for  the  1307.8-  and  1331.4-cm'1  bands. 
For  undisturbed  KC1-  '7C1  isotopic  species,  this  ratio  should 
be  1:3.07. 

The  observed  gas-phase  infrared  band  contours  are  com- 
plicated by  the  G-37G  isotopic  splittings,  Fermi  resonance, 
and  two  double  coincidences  of  v-,  with  t>,  and  of  vsl  with 
v,.  respectively.  However,  for  most  of  the  bands,  the  R 
branches  of  the  *0  isotope  are  well  separated  (see  Figure  2). 
Since  the  geometry  of  C1F30,  of  symmetry  Cj*  can  be  esti- 
mated (see  below),  the  three  principal  moments  of  inertia 
were  computed  resulting  in  A * 0.150,  B = 0.106,  and  C - 
0.095  cm  1 . Baaed  on  these  values,  the  infrtnd  band  con- 
tours were  estimated  for  C1F,0,(  according  to  the  method  of 
Ueda  and  Shimanouchi.13  Using  No.  33  ofUeds's  Figure  3, 13 
one  should  expect  for  the  B(  modes  an  A-type  band  contour 
with  a sharp  Q branch  and  a P-R  branch  separation  of  about 
16  cm  . As  can  be  aeen  from  Figure  2,  the  686-  and  591- 
cm  1 bands  show  the  predicted  band  shape  and  branch  sep- 
aration and,  therefore,  may  be  assigned  with  confidence  to 
v,  snd  v,,  respectively.  The  1331-  and  531-cnT*  bends  do 
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not  show  a Q branch  as  expected  for  B-type  binds  of  specks 
B, . Consequently,  the  observed  hand  contours  are  consistent 
with  the  proposed  structure  of  symmetry  C*  and  the  aarkn- 
menu  listed  in  Table  1. 

Comparison  between  the  vibrational  spectrum  of  C1F,0, 
and  those  of  related  species  (Table  II)  shows  good  agreement 
and  strongly  supports  the  above  a reign  meats  for  C1F,0,. 

Two  features  in  the  CIPjO,  spectrum,  however,  require 
further  comment.  The  CIO,  scissoring  mode,  (A,),  is 
unexpectedly  intense  in  the  Raman  spectrum.  Since  the  fre- 
quency of  p,  is  close  to  that  of  the  interne  v,  (A,)  mode 
and  since  these  motions  could  easily  couple  (as  iHV’nttti  by 
the  normal -coordinate  transformation  L '*  and  to  some  extent 
by  the  FED),  this  represents  a plausible  explanation  for  iu 
high  intensity.  Alternate  explanations  such  as  Fermi  res- 
onance between  the  symmetric  axial  FC1F  stretching 
t>4  and  222  + 286  * 508  cm'1  can  be  ruled  out  because  they 
belong  to  different  symmetry  species.  Resonance  between 
v%  and  v4  can  also  be  eliminated  because  the  obaerved  com- 
bination bands  involving  either  vt  or  v4  show  a good  fre- 
quency fit,  indicating  that  the  fundamentals  are  undisturbed. 
Second,  the  frequencies  of  the  two  »«ui  FC1F  scissoring 
modes  (in  and  out  of  the  C1F,  plane,  respectively)  are 
strongly  Influenced  by  the  point  group  of  the  corresponding 
molecules  and  by  the  presence  or  absence  of  other  modes  In 
the  same  symmetry  specks  and,  hence,  ere  difficult  to  cor- 
relate. Furthermore,  in  ClF,Ot  these  two  frequencies  are 
not  characteristic  and  are  an  almost  equal  mixture  of  the 
corresponding  symmetry  coordinates. 

Force  Constants.  The  potential  and  kinetic  energy  metrics 
for  ClFjO,  were  computed  by  a machine  method.  “ The 
geometry  assumed  for  this  computation  was  ZXCIO)  - 1 .40 
A,R(C1F^)=  1.62  A,  r(GF„) 
ftF„ClF„)  - 6(OClF„)  - 90", 

on  the  observed  geometries  oft  a 

correlation17  between  GO  bond  length  and  stretching  fre- 
quency. The  deviation  of  the  OCIO  bond  angle  from  the 
ideal  1 20  was  estimated  by  comparison  with  the  known  geo- 
metrtes  of  SFaO1*  and  FGO,.“ 


* 1 .72  A,  <s(OC10)  = 130", 
and  >(OClF^)  * 1 15",  based 
'IP.  •*  pr'in.  w .... a . 


The  jymmetry  coordinstes  used  for  C1F,0,  are  given  in 
Table  111.  The  bending  coordinates  were  weighted  by  unit 
(1  A)  distance  so  the  stretching  force  constants  have  unite  of 
mdyn/A,  the  deformation  force  constants  units  of  mdyn  KJ 
radian  , and  the  strctch-bcnd  interaction  constants  have 
units  of  mdyn/radian.  The  G matrix  and  Z transformation 
were  found  numerically  by  the  computer  and,  hence,  are  not 
given  here. 

The  force  constants  were  adjusted  by  trial  and  error  with 
the  aid  of  « computer  to  give  an  exact  fit  between  the  ob- 
served id  computed  frequencies.  Owing  to  the  underdeter- 
mined  nature  (28  symmetry  force  constants  and  12  fre- 
quencies) of  the  problem,  a diagonal  force  field  was  com- 
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F„  » 

»t 

6*3 

Fum 
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V. 
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7.1 

12 
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-0.30 

6.1 

-7 

1.27 

0.8 

~1 

2.6.'i 

0 

1.37 

04 

1.13 

0 

2.75 

0.70 

0.20 

11.7 

114) 

2.15 

-0.44 

0 

~0 

1.31 

1.0 

9.33 
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16-17* 

1.63 

2.2 

2.6 

0.78 

0.6 

puted  assuming  all  otlf-diagonal  symmetry  force  constants 

arn.,.1  I_  i ...  s n i > . 


equal  to  zero.  In  the  Ai  and  B(  block,  however,  nonzero 
values  were  required  for  several  off-diagonal  constants  to  be 
able  to  reproduce  the  observed  frequencies.  The  quality  of 
the  rendtingforce  field  was  examined  Dy  comparing  the  com- 
puted *a-MCl  isotopic  shifts  with  those  observed.  The  ob- 
served Cl  isotopic  shifts  were  then  used  to  improve  the  force 
field  by  introducing  off-diagonal  constants  until  the  calcu- 
lates. isotopic  shifts  agreed  with  the  observed  ones.  Those 
interaction  constants  not  significantly  influencing  the  iso- 
topic shift  were  not  changed  while  those  introduced  were  re- 
quired to  achieve  a fit  between  observed  and  computed  iso- 
topic shifts.  The  force  field  is  still  not  unique  and  other 
solutions  are  certainly  possible.  Species  A,  contains  15  sym- 
metry force  constants.  Of  these,  three  off-diagonal  terms, 
i-C-,F u,Fm,  and  FM,  may  be  neglected '*  since  their  corres- 
ponding G matrix  elements  are  zero.  Therefore,  eight  fre- 
quencies  (5  MC1  + 3 37C1)  are  available  for  obtaining  12  sym- 
metry force  constants.  In  species  Bt  and  Bj  five  frequency 
values  are  available  for  obtaining  six  symmetry  force  con- 
stants. Numerical  experiment  indicated  that  plausible  force 
fields  and  PED  values  could  be  achieved  only  with  values 
reasonably  close  to  those  shown  in  Table  IV.  The  require- 
ment of  a large  off-diagonal  constant  for  B|  has  previously 
also  been  found  for  the  structurally  related  pseudo-trigonal- 
bipyramidal  SF40  molecule.20 

The  internal  coordinate  stretching  force  constants  car  be 
computed;  however,  the  bending  valence  force  constants 
cannot  be  completely  separated  from  the  interaction  con- 
stants without  making  additional  simplifying  assumptions 
(see  Table  V).  The  constants  of  greatest  interest  are  the 
stretching  force  constants  since  they  are  a measure  of  the 
strength  of  the  various  bonds.  Uncertainty  estimates  are 
difficult  to  make  owing  to  the  underdetermined  nature  of 
the  force  field.  The  value  of  the  C1=0  stretching  force  con- 
stant should  have  the  smallest  uncertainty  (0.1  mdyn/A  or 
less)  owing  to  the  highly  characteristic  nature  of  the  ClOj 
stretching  modes  and  the  use  of  isotopic  shifts  for  its  com- 
putation. Its  value  of  9.23  mdyn/A  is  in  excellent  agree- 
ment with  that  of  9.37  mdyn/A  found  for  ClFjO®  and  the 
general  valence  force  field  values  of  9.07  and  8.96  mdyn/A 
reported  for  FC102J1  and  C10a  V1  respectively . The  values 

(19)  W.  Sewodny,  J.  Mol.  Sptctrote. , Jo,  56  (1969). 

(10)  K.  Sathitnuidsn,  K.  Runuwimy,  S.  Suadwsm,  tad  F F 
Cleveland,./,  Mol.  Sotctrotc. , 13, 114  (1964). 

(21)  D.  F.  Smith,  G.  M.  Begun,  and  W.  H.  Flttchar,  SpactroctUm 
Acta,  20.  1763  (1964).  ^ 
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Table  V. 


Internal  Force  Constanta  of  ClF,Oa  «.* 

a 


fp  = 9.23 
fjt  - 3 35 
4-2.70 
/a-  1.41 
4-1.40 
4-1.33 
ft  - 130 
foo  - -0.09 
Ar“  -0.04 


0.09 

rrfi“  -/rp1  -0.10 

frt  “ ~frt'  -0.25 

foa  “ 0.61 

fes  - -fas'  - -0.16 

fti  - -ftt'm  -0.34 

ht"  - -0.17 

fry- -0.30 

fit  a - -0.37 


Stretching  oonstmnta  in  mdyn/A,  deformation  constants  in  mdyn 
A /radian  , and  stretch-bend  interaction  constants  in  mdyn/rwUan. 

Only  thi  values  of  the  stretching  force  conitinti  can  be  uniquely 
determined  from  the  symmetry  force  constants;  Tor  the  <«™n..«atitm 
of  the  remaining  constants,  the  following  assumptions  were  made: 

“ -fpt-fss  - -ftf.vtdfny-fDy- 
Jay  - U./66  "fss't  ondfss"  “*  the  interactions  between  angles 
having  a common  oxygen,  fluorine,  and  no  common  atom,  respec- 
tively. 


Tabie 
Compered 
dF,”  OF, 


VI.  C1F  Stretching  Force  Constants  (mdyn/A)  of  CIF.  O. 
•red  to  Those  of  Pseud o-Trigonal-Bipyrainidsl  CIF.O  ' 

'*  and  ClFjO, ' » 


fa 

fr 

frr 

(f*  ~fr)l 

fR 

OF, 

4.2 

2.7 

0.36 

0.36 

OF.O 

3.2 

2.3 

0.26 

0.26 

C1F.O, 

3.4 

2.7 

-0.04 

0.19 

CIF, 

2.4 

0.17 

OF,<V 

1.6 

-0.1 

of  the  C1F  stretching  force  constants  are  comparable  to  those 
previously  reported  for  the  related  pseudo-trigonal-bipy- 
ramidal  molecules  C1F, 22  and  ClFjO*  (see  Table  VI).  In  all 
thiree  molecules,  the  stretching  force  constant  of  the  equator- 
ial CIF  bond  is  significantly  higher  than  that  of  the  two  axial 
bonds,  although  their  relative  difference  decreases  with  in- 
creasing oxidation  state  of  the  central  atom.  The  difference 
in  bond  strength  between  equatorial  and  axial  bonds  implies 
significant  contributions  from  semiionic  three-center  four- 
electron  bonds  to  the  axial  CIF  bonds.  This  bonding  scheme 
has  previously  been  discussed  in  detail23  for  the  related 
pseudo- trigonil-bipyramidal  ClFj'  anion  and,  hence,  will  not 
be  repeated. 

Inspection  of  Table  VI  also  reveals  that  the  value  of  fr  does 
not  depend  exclusively  on  the  oxidation  state  of  the  central 

Hty*! *4*344  fmiy  **lUat'oa>  “d  A- *■  AWbury./.  CHtm. 
6.  llJ9)0967)Chri***‘ W-  S•Wodn),•  “d  h p-  Guwtin,  Inorg.  Cfum., 
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atom.  Obviously,  formal  negative  charges  (as  in  the  anions) 
and  increasing  oxygen  substitution  facilitate*  the  formation 
of  semiionic  bonds  and,  hence,  counteract  the  influence  of 
the  oxidation  state  of  the  central  atom.  It  is  interesting  to 
note  that  the  relative  contribution  from  semiionic  bonding 
to  the  axial  C1F  bonds  (Kftt  ~ fr)lfn]  decreases  from  C1FS 
to  ClFjO  and  QF,02  (see  Table  VI).  This  can  be  attributed 
to  the  decreasing  electron  density  around  the  central  atom 
with  increasing  oxidation  state,  thus  making  it  more  difficult 
to  release  electron  density  to  the  axial  fluorine  ligands  as  re- 
quired for  the  formation  of  semiionic  bonds. 

In  summary,  the  bonding  in  GFj03  might  be  described  by 
the  following  approximation.14  The  bonding  of  the  three 
equatorial  ligands,  ignoring  the  second  bond  of  the  0=0 
double  bond,  is  mainly  due  to  an  sp1  hybrid,  whereas  the 
bonding  of  the  two  axial  C1F  bonds  involves  one  delocalized 
p-electron  pair  of  the  chlorine  atom  for  the  formation  of  a 
semiionic  three-center  four-electron  po  bond. 

The  potential  energy  distribution14  for  CIFjOj  was  obtain- 
ed from  the  internal  force  constants  of  Table  V using  a least- 
squares  force  field  computation  code  without  using  least- 
squares  refinement.  With  this  code,  we  also  verified  that  no 
computational  errors  had  been  made  in  the  trial  and  error 
force  field  computation.  The  computed  PED  is  given  in 
Table  VII.  The  results  were  normalized,  but  the  sums  do  not 
in  all  cases  add  up  to  1 .0  since  the  less  important  terms  are 
not  listed.  As  can  be  seen  from  Table  Vil,  most  vibrations 
are  reasonably  characteristic,  except  for  p7  and  vt,  which  are 
mixtures  of  the  symmetry  coordinates  <S7  and  S,. 

Association  in  the  Liquid  and  Pure  Solid.  The  relatively 
low  boiling  point  (—2 1 .58°)2  and  Trouton  constant  (22.13)1 
of  CIFjOj  imply  little  association  in  the  liquid  phase.  This 
prediction  is  confirmed  by  the  vibrational  spectra  of  the 
liquid  and  the  neat  solid  which  exhibit  only  minor  frequency 
shifts  when  compared  to  the  spectra  of  the  gas  and  the 
matrix-isolated  solid.  This  finding  is  somewhat  surprising 
since  both  CIF314  and  ClFjO*  show  a pronounced  tendency 
to  associate  in  the  liquid  and  solid  state  through  bridges  in- 
volving the  axial  fluorine  atoms.  For  the  pure  solid,  the 
infrared  spectrum  indicates  the  lowering  of  symmetry  Cju 
due  to  slight  distortion  or  a lower  site  symmetry  in  the  crys- 
tal because  the  Aj  torsion  mode,  ideally  forbidden  in  the  in- 
frared spectrum  and  not  observed  for  the  gas,  becomes  in- 
frared active.  Similarly,  the  symmetric  axial  FC1F  stretching 
mode,  v*  (A(),  which  was  not  observed  in  the  infrared  spec- 
trum of  gaseous  GF3Oj,  gained  for  solid  CIFjOj  in  relative 
intensity  and  was  observed  as  a medium  weak  band. 

Thermodynamic  Properties.  The  thermodynamic  prop- 
erties were  computed  with  the  molecular  geometry  and  vibra- 
tional frequencies  given  above  assuming  an  ideal  gas  at  i atm 
pressure  and  using  the  harmonic-oscillator  rigid-rotor  approx- 


(24)  K.  O.  ChrUte,  paper  prawn  ted  at  the  Fourth  International 
Fluorine  Sympoaium,  Estes  Park,  Colo.,  July  1967. 

(25)  1.  Overend  and  J.  R.  Scherer,  J.  Chtm.  Phys.,  32,  S289  (1960). 


Tab)*  VU.  Potential  Energy  Distribution  for  0^,0, 


Assign- 

Fwq, 

ment 

cm'1 

PLD 

A,  u, 

1093 

0 99/d  + 0.06/b  - 0 .IK/po 

0-7  1/jj  + 0.20/J  - O.i:/*,,  + 0.10/,  + 

vl 

683 

O.OS/a 

v% 

320 

0.5  0/o  + 0.23/,  + 0.22/*  + 0.12/uo,  - 
0.054,-0.05/d,, 

v4 

487 

10Vr 

if, 

286 

0.61/a  + 0 28/j  + 0.!4 (/«  -/«.)  + 

0 07(/S6-  -As)  + 0.05/a 

A, 

417 

1.15/a  +0.30(/«a  -A6-)-0.in/u» 

695 

0.86/r  + 0.39/4  - 0.221  U + /„$’>  + 

592 

O.KK/a«  +/*6')  + 0.05/aa- 

If, 

0.26/a  + 0.25 /r  + O.KK/rt  + /rt.)  + 

0.07(/aa  +/«<■•>  + o.06/a 

V, 

372 

1.10/fl-0.10(/«  +fpt‘)  + 0.08/a  - 

0.07 /aa 

1327 

0.93/d 

•'ll 

331 

0.75/,  + 0.1 6/„ 

i.58/a  -0-4i(/aa  +/s6')  + 0.21/aa" 

"u 

222 

Table  VIII.  Thermodynamic  Properties  for  ClF,Ot 


-(/■--//•,)/ 

C*  T,  cal/  S",  cal/ 

T,  *K  cal/mol  kcal/mol  (mol  deg)  (n<ol  deg) 


0 

0 

0 

0 

<5 

100 

10.127 

0.847 

48.967 

'7.437 

200 

16.511 

2.179 

55.516 

66.411 

298.15 

21.256 

4.049 

60.375 

73.456 

300 

21.327 

4.089 

60.459 

7 *.088 

400 

24.384 

6.386 

64.711 

80.675 

500 

26.362 

8.930 

68.484 

8S.344 

600 

27.685 

11.636 

71.881 

91.275 

700 

28.599 

14.453 

74.968 

95.6)5 

800 

29.251 

17.347 

77.795 

99.470 

900 

29.727 

20.298 

80.400 

102.953 

1000 

30.085 

23.289 

82.816 

106.105 

1100 

30.360 

26.312 

85.066 

108.985 

1200 

30.574 

29.359 

87.171 

111.637 

1300 

30.745 

32.425 

89.143 

114.09) 

1400 

30.883 

35.507 

91.012 

116.37* 

1500 

30.995 

38.601 

92.775 

118.509 

1600 

31.089 

41.705 

94.447 

120.512 

1700 

31.167 

44.818 

96.036 

122.400 

1800 

31.233 

47.938 

97.551 

124.183 

1900 

31.289 

51.064 

98.997 

125.873 

2000 

31.337 

54.196 

100.382 

127.480 

imation.16 

These  properties  are 

given  for  the 

range  0-2C00oK 

in  Table  VIII. 
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Complex  fluoro  cations  are  generally  prepared  through 
fluorine  abstraction  from  the  parent  molecule  by  means  of 
a strong  Lewis  add.  This  was  fust  demonstrated  in  1949 
by  Woolf  and  Emeleus'  for  BrFj. 

BrF,  + SbF,  - BrF,*SbF4"  (1) 

In  the  case  of  NF«*  salts,  this  approach  was  impossible  since 
the  parent  molecule  NF*  is  unknown  and  unlikely  to  exist 
owing  to  the  validity  of  the  octet  rule  for  first  row  elements 
such  as  nitrogen  and  fluorine.  The  synthesis  of  NF4+  from 
NFj  and  F*  is  preempted  by  the  fact  that  fluorine  is  the 
most  electronegative  element  and,  hence,  F*  should  be  ex- 
tremely difficult,  if  not  impossible,  to  prepare  by  chemical 
means.  In  1965,  Christe  and  coworkers  experimentally 
confirmed  that  NF**  salts  can  be  prepsred  from  NF},  Fa,  and 
a strong  Lewis  add  in  the  presence  of  an  activation  energy 
source.  Presently,  three  methods  are  known  which  are 
capable  of  producing  NF«*  salts.  These  are  ( 1 ) glow  discharge 
at  low  temperature/’1 2 3 4  (2)  heating  under  high  pressure,* ,6 

(1)  A.  A.  Woolf  and  H.  J.  Era«Ut»,S.  Chtm.  Soc.,  2865  (1949). 

(2)  K.  O.  JhrlM*.  J.  P.  Guartia,  sad  A.  E.  Pavtatb,  U.  S.  Patant 
3,903,719(1970). 

(3)  K.  O.  CkrtoU,  J.  P.  Guartia,  and  A.  E.  F«vUth,  Inorg.  NucL 
Chtm  Lett „ 3V  S3  (1966). 

(4)  J.  P.  Guartia,  K.  O.  Cbrteta,  and  A.  E.  Pavtath,  Imorg.  Chtm., 

9,  1921  (1966). 
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and  (3)  brenutrahlung  at  - 196V  In  this  note,  we  describe 
a fourth  method,  i.e.,  uv  photolysis,  which  is  capable  of  pro- 
ducing NF/  salts. 

In  addition  to  the  great  challenge  which  the  preparation  of 
NF/  salts  presented  to  the  synthetic  chemist,  the  NF/  for- 
mation is  of  linusual  interest  from  a mechanistic  point  of 
view.  In  view  of  the  second  and  fourth  methods  of  forma- 
tion (see  above),  the  originally  suggested3  mechanism  cannot 
be  considered  satisfactory  and  a more  plausible  mechanism 
is  offered.  Based  on  the  revised  mechanism,  we  postulate 
a new  intermediate  of  unusual  oxidizing  power  comparable 
to  that*  of  PtF6. 

Experimental  Section 

Miterials  sad  Apparatus.  The  material!  uted  in  this  work  were 
manipulated  in  a well -passivated  (with  C1F,)  304  stainless  steel  vacuum 
line  equipped  with  Teflon  FEP  U-traps  and  316  stainless  steel  bellows- 
seal  valves  (Hoke,  Inc..  42$  1F4Y).  Pressures  were  measured  with  a 
Heiae-Bourdon  tube-type  gauge  (0-1500  mm  t 0.1%).  Nitrogen  tri- 
fluoride (Ah  Products),  BF,  (Matheson  Co.),  and  AsF,  (Ozark 
Mahoning  Co.)  were  purified  by  fractional  condensation.  Antimony 
pentafluoride  (Ozark  Mahoning  Co.)  was  purified  by  distillation. 

Prior  to  its  use,  fluorisse  (Rocketdyne)  was  passed  through  a NaF 
trap  to  remove  HF  impurities.  Because  of  then  hygroscopic  nature, 
materials  were  handled  outaide  of  the  vacuum  system  in  the  dry  nitro- 
gen atmosphere  of  a glove  box.  The  infrared  spectra  were  recorded 
on  a Ferkin-Elmcr  Model  457  spectrophotometer  as  dry  powders 
between  AgCl  windows  in  the  form  of  pressed  disks.  The  pressing 
operation  was  carried  out  using  a Wilks  mini  pellet  press.  Raman 
^xctra  were  recordod  on  a Cary  Model  83  double  monochromator 
using  the  4880-A  exciting  line  and  Kel-F  capillaries  as  sample  con- 
tainers. Reactions  were  carried  out  either  in  a sapphire  reaction 
tube  brazed  to  a 304  stainless  steel  tube  (Varian,  Model  CS-42SO-3) 
having  a volume  of  23  ml  or  in  a flamed  out  1-1.  quartz  bulb.  For 
the  photolyses,  unfiltered  uv  radiation  from  a Ha  no  via  Model  616A 
high-pressure  quartz  mercury  vapor  arc  was  used. 

Reactions  in  Quartz.  Preparation  of  NF4*SbF4"-xSbF,.  Anti- 
mony pentafluoride  (26.43  mmol)  was  loaded  into  the  flamed  out 
and  passivated  (with  C1FJ  quartz  bulb  in  the  glove  box.  Nitrogen 
trifluoride  (30.6  mmol)  and  F,  (30.6  mmol)  were  added  at  -196*. 

The  mixture  was  allowed  to  warm  to  25*.  When  exposed  to  uv 
irradiation,  clouds  of  suspended  solid  appeared  within  seconds  in- 
side the  bulb.  Within  1 hr  layers  of  a white  solid  formed.  Irradia- 
tion of  the  contents  was  continued  for  3 days  until  the  last  droplets 
of  liquid  (SbF,)  had  disappeared  and  no  signs  of  cloudiness  in  the 
gas  phase  could  be  detected.  The  contents  of  the  bulb  were  cooled 
to  -196*  and  O,  and  unreacted  F,  (3.1  mmol  total)  and  unrcacted 
NF,  (25.2  mmol)  were  removed  and  separated  by  fractional  con- 
densation. The  absence  of  unreacted  SbF,  was  established  by 
pumping  for  2 hr  at  25°  on  the  solid,  resulting  in  no  detectable 
weight  change.  Compared  to  the  bulb  with  SbF,  only,  the  bulb 
containing  the  solid  product  had  gained  403  mg  in  weight.  The 
solid  was  removed  from  the  walls  of  the  reactor  by  immersion  of 
the  bulb  into  an  ultrasonic  cleaning  bath  and  removed  from  the 
bulb  in  the  glove  box.  The  resulting  white  powder  (~6. 1 g)  was 
shown  by  vibrational  spectroscopy  to  be  an  approximately  equi- 
molar mixture  of  SbF,‘-xSbF,  salts  of  NF„*  *''*  and  O,*.11 

The  NF,-F,-AsF,  System.  An  equimolar  mixture  of  NF,,  F, , 
and  AsF,,  when  exposed  in  a quartz  bulb  to  uv  irradiation,  produced 
a white  lolid  product.  It  was  identified  by  vibrational  spectroscopy" 
and  its  X-ray  diffraction  powder  pattern11  as  0,*AtF,‘.  No  NF,* 
salt  could  be  detected  by  these  methods. 

(5)  W.  E.  Tolberg,  R.  T.  Rewick,  R.  S.  Strlngham,  and  M.  E. 

Hill,  Inorf.  Nucl.  Chem.  Lett.,  2,  79  (1966). 

(6)  W.  E.  Tolberg,  R.  T.  Rewick,  R.  S.  Stringham,  and  M.  E. 

Hill.  Inorf.  Chem.,  6.  1 156  (1967). 

(7)  C.  T.  Goetschei,  V.  A.  Campanile,  R.  M.  Curtis.  K.  R. 

Loos,  C.  D.  Wagner,  end  J.  N.  Wilson,  Inorf . Ckem.,  11,  1696 
(1972). 

(8)  N.  Bartlett,  Ante w.  Chem..  Int.  Ed.  Entf.,  7,  433  (1968). 

(9)  K.  O.  Chrisie,  J.  P.  Guertln,  A.  E.  Pavlath,  and  W.  Sawodny, 
Inart  Chem.,  6,  S33  (1967). 

(10)  K.  O.  Christa  end  D.  PiUpovicl.,  inorf  Chem.,  10,  2803 
(1971). 

(11) 1.  Shamir.  J.  Sinenboym,  and  H.  H.  Claaasen.  J.  Artur. 

Chem.  Soc..  90,  6223  (1968). 

(12)  A.  R.  Young,  II,  T.  Hirsts,  and  S.  I.  Morrow,  J.  Amtr. 

Chem.  Sot..  86.  20  (1964). 
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RmcBom  to  Sapphire.  Preparation  at  NF.'AaF,".  An  equimolar 
mixture  of  NF,,  F,,  and  AsF,,  when  kept  for  3 day*  at  25*  in  a sap- 
phire reactor  in  the  dark,  at  an  autogenous  pressure  of  6 J atm, 
showed  no  detectable  trace  of  solid  formation.  Upon  exposing  the 
sapphire  section  of  the  reactor  to  unfit tered  uv  radiation,  clouds  of 
suspended  solid  appeared  within  seconds  inside  the  reactor  resulting 
in  an  instant  coating  on  the  reactor  walls.  Continued  exposure  (for 
several  days)  of  the  reactor  to  uv  radiation  did  not  significantly  in- 
crease the  solid  formation.  After  removal  of  the  volatile  reaction 
products,  the  weight  gain  of  the  reactor  varied  from  2 to  8 mg  in 
several  experiments.  The  solid  residue  was  identified  by  vibrational 
spectroscopy*"*  as  NF,*AsF,~  and  in  all  cases  did  not  show  assy  de- 
tectable Impurities. 

Preparation  of  NF,*BF,‘.  The  NF,-F,  -BF,  reaction  was  carried 
out  in  the  same  way  at  described  for  NF,-F,-AsF,.  The  reectantt 
behaved  similarly  and  the  reaction  rate  decreased  sharply  with  in- 
creating  solid  deposition  on  the  inside  walls  of  the  reector.  The 
yield  of  NF,*BF,‘  was  between  1 and  2 mg.  The  infrared  spectrum 
of  the  solid  was  in  excellent  agreement  with  that  previously  reported1 
for  NF/BF.-. 

Result!  and  Discussion 

When  gaseous  mixtures  of  NF,,  Fj,  and  the  strong  Lewis 
acids  SbFs.  AsFs,  or  BF,  are  exposed  to  unflltered  uv  irradia- 
tion, the  corresponding  NF/  salts  are  formed  rapidly  and  re- 
producibly.  Using  AsFs  or  BF,  and  sapphire  reactors,  the 
following  reactions  occurred. 

(2) 
(3) 

However,  the  yield  of  the  NF/  salt  was  less  than  1%.  This 
low  yield  appears  not  to  be  caused  so  much  by  a low  reaction 
rate  but  by  deposition  of  the  solid  product  on  the  reactor 
walls,  thus  preventing  further  irradiation  of  the  reactants.  In 
the  case  of  SbF,  and  a quartz  reactor,  all  of  the  SbF,  starting 
material  was  consumed  in  less  than  3 days.  In  addition  to 
NF/  formation,  the  following  side  reaction  occurred. 


5F:  + 2SIO,  + 4SbF,  -*  2SiF4  + 20,'Sb.F,,- 

Based  on  the  observed  material  balance  and  its  vibrational 
spectrum,  the  product  contained  approximately  equimolar 
amounts  of  NF/  and  O/  salts.9"' 1 As  generally  the  case 
with  SbF,,  polymeric  anions,13  such  a<i  Sb,Fn"  or  SbjFl6", 
were  formed.  Attempts  to  use  the  quartz  reactor  for  the 
synthesis  of  NF/AsF/  were  unsuccessful.  The  attack  of 
the  quartz  reactor  occurred  at  a rate  much  faster  than  that 
of  the  NF/  formation,  thus  resulting  in  O/AsF/  a*  the 
principal  product. 

The  relatively  low  intensity  of  the  uv  lamp  used  in  our 
t.  periments  and  the  high  yield  of  NF/SbF/  xSbF,  suggest 
a quantum  yield  larger  than  one,  i.e.,  a chain  reaction.  Taking 
ail  the  presently  available  experimental  data  on  the  synthesis 
of  NF/  compounds  into  consideration,  additional  conclusions 
concerning  a plausible  reaction  mechanism  can  be  reached. 
Based  on  the  glow-discharge  synthesis,  we  had  originally  in- 
voked the  intermediate  formation  of  a F*  or  NF/  cation.3 
Whereas  these  cations  might  indeed  be  produced  under  glow- 
discharge  conditions,  the  high  ionization  potentials  of  NF, 
(13.00  eV),w  Fj  (15.69  eV),'s  or  F-  (17.44  eV)'4  preclude 
their  formation  in  the  uv  photolysis,  since  the  maximum 
energy  available  from  the  uv  souice  does  not  exceed  7 eV. 

(13)  R.  J.  Gillespie  and  K.  C.  Most,  J.  Chem.  Soc.  A,  1170 
(1966). 

(14)  V.  H.  Dibelar  tnd  J.  A.  Welker,  inorf.  Chem.,  8,  1728 
(1969). 

(15)  V.  H.  Dib«Ur,  J.  A.  Walker,  snd  K.  E.  McCulioh,  J.  Chem. 
Fhyt.,  SI,  4230  (1969). 

(16)  R.  E.  Huffman,  J C Lerribea,  and  Y.  Tanaka,  J.  Chem. 

Phyt.,  47,  8$6  (1967). 


4F,  + 2SiO,  - 2SiF4  + 20, 

20,  + F,  + 4SbF,  - 20,*Sb,F,r 


NF,  + F,  + AsF,  - NF4*AsF." 
NF,  + F,  + BF,  NF4*BF4- 
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Notes 


T 

i 


Even  stronger  evidence  for  in  alternate  mechanism  stems 
from  the  thermal  synthesis  (method  2).  Heating  to  about 
120°  cannot  provide  the  activation  energies  required  for  the 
formation  of  NFj\  Fj*.  or  F \ However,  it  has  been  found 
for  the  Cl:-Fj  dark  reaction17*1*  that  a temperature  of  about 
120°  is  sufficient  to  dissociate  some  of  the  Fj  into  F-  radicals 
[Z?°(Fj)  is  only  37.5  kcal  mol-1  = 1 .62  eV]  In  spite  of 
the  very  low  F atom  concentrations  expected  at  120°,  a 
chain  reaction  may  result  in  relatively  fast  reaction  rates. 
Bated  on  these  considerations  and  the  observed  fast  reac- 
tion rate  in  the  NFj-Fj-SbFj  photolysis,  it  seems  safe  to 
postulate  Fi  dissociation  as  the  first  reaction  step  in  the 
NF4*  salt  syntheses. 

F,  - 2F-  (4) 

The  next  step  could  involve  the  reaction  of  F'  with  either 
NFj  or  a Lewis  acid  such  as  AsFs . Since  the  hypothetical 
NF4  ■ containing  only  first  row  elements  would  violate  the 
octet  rule,  its  formation  is  very  unlikely.  Therefore,  the 
second  step  should  be 

F-  + A»F,  -»  Adv  (5) 

This  step  appears  plausible  since  AsFt  generally  acts  as  an 
excellent  acceptor  molecule  and  changes  from  a trigonal-bi- 
pyramidal  to  an  energetically  more  favorable  octahedral  AsF4 
configuration.  The  AsF4-  radical  is  pseudo-isoelectro.iic 
with  SF4*  and,  hence,  a rough  estimate  for  the  exothemiicity 
of  die  reaction 
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t 
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i 
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I 
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AsF4-  + e -»  AsF,' 

can  be  obtained  from  the  known20  photoionization  threshold 
of  SF4  ( 1 5.29  eV).  This  high  value  strongly  suggests  that 
the  AsF6  ■ radical  is  the  only  likely  intermediate  capable  of 
oxidizing  NFj,  which  has  a first  ionization  potential  of 
13.00  eV.14  Coiisequently,  the  third  reaction  step  in  the 
NF4*AsF4"  formation  should  be 

AsF,  • + NF,  - NF/A«F4  (6) 

In  order  to  maintain  a chain  reaction,  the  NFj*AsF4"  could 
react  with  F}  according  to 

NF/AsF,-  + F,  - NF„‘A*F,'  + F (7) 

A crude  estimate  of  the  bond  energy  changes  involved  in 
this  step  can  again  be  obtained  by  comparison  between  the 
isoelectronic  species 

NF,*  + F-  - NF„‘  (8) 

and 

OF,  +F-CF,  (9) 

Since  the  CFj-F  bond  energy  (139.4  kcal  mol'1)31  is  con- 
siderably higher  than  that  of  the  F-F  bond  (37.5  kcal 
mol"1),  reaction  7 should  also  be  exothermic.  Chain  ter- 
mination steps  could  occur  by  combination  of  any  two  of 
the  radicals  involved  in  this  mechanism.  The  overall  se- 
quence, eq  4-7,  appears  to  be  a very  plausible  mechanism 
requiring  only  a low  activation  energy  for  (4),  in  excellent 
agreement  with  the  experimental  observations. 

Solomon  and  coworkers  have  studied22  the  kinetics  of  the 
thermal  decomposition  of  NF«*AsF4"  to  NF3,  F2,  and  AsFs 

(17)  A.  E.  Airworthy  and  R.  D.  WUaon,  unpublished  raaulii. 

(It)  E.  A.  Fletcher  and  B.  E.  Dehneke,  1.  Amer.  Chtm.  Soc., 

91,  1603(1969). 

(19)  1.  i.  DaCorpo,  R.  9.  Steicer,  1.  L.  Franklin,  and  S.  L. 
Margrave,  /,  Chtm.  Phye.,  S3,  93S  (1970). 

(30)  V.  H.  ";Hxlar  and  J.  A.  Walkar,  J.  Chem.  PHyt.,  44.  440S 
(1966). 

(21)  T.  c.  Ehlett,  J.  Phys.  Chem.,  73,  949  (1«69). 

(22)  1.  J.  Solomon,  J.  N.  Keith,  and  A.  Snelaon.  J.  Fluorine 
Chem.,  2,  129  (1972). 


in  the  temperature  range  175-222°  at  low  pressure.  Since 
Tolberg,  et  a!.,  have  shown*  that  NF4*AsF4~  can  be  formed 
in  this  temperature  range  from  NFj,  F3,  and  AiFs  under  high 
pressure,  reversibility  of  these  reactions  is  indicated.  Con- 
sequently, the  NF4*AsF4~  formation  mechanism  should  allow 
us  also  to  better  understand  the  thermal  decomposition. 
Solomon,  et  al.,  observed22  that  both  NFj  and  AsF$  inhibit 
the  decomposition  reaction  and  suggest  that  the  decomposi- 
tion mechanism  involves  the  reversible  dissociation  of  the 
solid  to  NFj  and  AsFj,  followed  by  the  irreversible  decom- 
position of  NFj  as  the  rate-determining  step.  However,  the 
observed  fractional-order  kinetics  could  not  be  explained 
by  an  elementary  reaction  mechanism.  The  mechanism, 
suggested22  by  Solomon  and  coworkers,  has  several  short- 
comings. In  our  opinion,  the  most  serious  ones  are  ( 1 ) 

NFj  violates  the  octet  rule  which  is  strictly  valid  for  first 
row  elements- promotion  of  nitrogen  electrons  to  the  3s 
level  would  result  in  a prohibitively  large  activation  energy 
for  the  NFS  formation,  (2)  the  NF4*AsF4'  formation,  and 
(3)  the  inhibition  of  the  NF4+AsF4*  decomposition  by  NFj 
addition  suggests  that  the  steps  involving  NFj  cannot  be  ir- 
reversible. For  these  reasons  and  by  analogy  with  the 
mechanism  discussed  above  for  the  NF4*AsF4'  formation,  a 
more  plausible  decomposition  mechanism  would  be 


NF,‘AiF.-  £NF,*AiFt-  + F-  (10) 

NF,*AiFt*  # NF,  + AiF,  • (11) 

AiF,  *F-  + AjF,  (12) 

2F-  -»  F,  (13) 


Because  the  steady-state  F atom  concentration  would  be 
determined  by  a number  of  reactions,  including  the  reverse 
of  reaction  7,  a very  complex  rate  expression  might  be  ex- 
pected. The  recombination  of  F atoms  could  occur  either 
homogeneously  via  a three-body  collision  or  heterogeneously. 
The  inhibiting  effects  of  NF3  and  AsFj  could  result  from  the 
reduction  of  the  steady-state  F atom  concentration  caused 
by  the  shifting  of  the  equilibria  10-12  to  the  left. 

The  postulate  of  an  AsF4  ■ radical  intermediate  which  can 
act  as  a powerful  oxidizer  could  also  explain  the  following 
two  previously  reported23'1*  and  highly  unusual  reactions 

130° 

20,  + F,  + 2AsF, ►20,‘AsF/  (14) 

or  uv 

and 


uv 

Xe  + F,  + A»F,  -+XeF*AjF.-  (15) 

Both  reactions  proceed  again  under  very  mild  conditions, 
resulting  in  the  oxidation  of  two  species,  02  and  Xe,  with 
very  high  first  ionization  potentials  of  12.06  and  12.13  eV, 
respectively.  Reactions  14  and  15  are  directly  comparable 
to  the  following  known*’26,27  PtF4  reactions 
O,  + PtF,  - 0,*PtF.-  (16) 

and 

Xe  + 2PtF,  - XcF'Pt.F,,-  (17) 

This  analogy  suggests  tliat  the  oxidizing  power  of  a Lewis 
acid-F’  radical,  such  as  AsF4-,  is  comparable  to  that  of  PtF4, 


(23)  i.  B.  Bull,  Jr.,  C.  Pupp,  ind  W.  E.  WhiU,  Inorg.  Chem.,  I, 
828(1969). 

(24)  J.  Stiimir  and  J.  Binenboym,  inorg.  Chlm.  Acte,  2,  37 
(1968). 

(25)  J.  Binanboym.  K.  Setig,  and  J.  Shamir,  J.  Inorg.  Sue  I. 
Chem.,  30,  2863  (1968). 

(26)  N.  Bartlett  and  D.  H.  Loimtann,  Proc.  Chem.  Soc.. 
London,  277  (1962). 

(27)  N.  Bartlett.  Proc.  Chem.  Soc.,  London,  218  (<962). 
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which  is  one  of  the  strongest  oxidizing  fluorinators*  known. 

The  applicability  of  the  Lewis  acid-activated  Fj  system, 
however,  seems  to  be  limited  to  starting  materials  which 
themselves  do  not  form  stable  adducts  with  the  Lewis  add. 

The  given  examples  demonstrate  that  the  oxidizing  power 
of  fluorine  can  be  promoted  significantly  by  the  simultaneous 
use  of  a strong  Lewis  acid  and  an  energy  source  promoting 
dissociation  of  Fj  into  F'  atoms.  Consequently,  many  reac- 
tions previously  requiring  the  use  of  the  prohibitively  ex- 
pensive PtF*  may  now  be  carried  out  at  a reasonable  expense 
by  the  use  of  Lewis  acid  promoted  activated  fluorine. 
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Vibrational  ipectra  have  been  recorded  for  the  known  adducts  OF,  AiF, , C1F,  xSbF,  (x  = 1.08  and  1.36),  BrF,  -2SbF,, 
end  IF,  SbF,.  Furthermore,  the  new  adduct  BrF,  AsF,  hii  been  prepared.  It  ii  marginally  stable  at  -95*.  The  »p  otra 
of  the  C1F,  adduct-  are  conairtent  with  predominantly  ionic  structures  containing  the  C1F„*  cation.  The  spectrum  of  IF,* 
it  very  similar  to  that  of  isoelectronic  SF,  thus  indicating  a pseudo-trigonal-bipyramidal  structure  of  symmetry  C,u.  All 
fundamentals  have  been  assigned  and  a valence  force  field  has  been  computed  for  OF,*.  The  vibrational  spectra  of  IF,  - 
SbK,  aod  BrF, -2SbF,  arc  compatible  with  the  predominantly  ionic  structures  lF,’SbF,  and  BrF,’Sb,F,,",  respectively, 
established  by  X-ray  diffraction  data.  Tentative  assignments  are  given  for  BrF,*  and  IF,*.  The  ‘*F  nmr  spe.;tra  of  BrF,  • 

2SbF,  and  IF.  SbF,  in  HF  solution  are  also  reported. 


Introduction 

Halogen  fluorides  exhibit  amphoteric  character.  By  com- 
bining with  strong  Lewis  adds,  they  can  form  cations  con- 
taining one  F“  ion  less  than  the  parent  molecule.  In  recent 
years  these  salts  have  received  much  attention,  and  numerous 
papers  dealing  with  their  syntheses  and  structures  have  been 
published.3  Whereas  the  structure;  of  the  halogen  mono-, 
tri-,  and  heptafluoride  adducts  are  reasonably  well  established, 
much  less  is  known  about  the  complexes  of  the  halogen 
pentafluorides. 

Chlorine  pentafluoride  combines  with  Lewis  acids  such  as 
AsFj,3  SbFs,3-4  and  PtFj.a,#  Ionic  structures  containing 
the  C1F/  cation  were  suggested;3-’  however,  no  supporting 
dau  were  presented.  Recently,  the  ‘*F  nmr  spectrum  of 
ClFs  ■ 1 ,36SbFj  in  HF-AsF*  solution  was  studied.7  The  ob- 
servation of  two  resonances  of  equal  intensity  at  low  field  is 
strong  evidence  for  the  presence  of  a C1F/  cation  having  a 
pseudo-trigonal-bipyramidal  structure  of  symmetry  Cj*. 
analogous  to  that  found*-®  for  iroelectronic  SF4. 

Bromine  pentafluoride  forms  with  SbF5  the  adduct,  BrFs 
2SbFj.10  A brief  report  on  the  l*F  nmr  spectrum  of  the 
solid  and  melt  has  been  published"  indicating  the  presence 
of  two  different  kinds  of  fluorine  ligands;  however,  the  ob- 
served area  ratio  was  in  poor  agreement  with  that  expected 
for  the  postulated"  structure  BrF/SbjFn  . Recently,  the 
crystal  structure  of  BrFs  '2SbFj  has  been  determined  estab- 
lishing13 its  predominantly  ionic  nature.  After  completion 
of  our  study  Surks  and  coworkers  have  reported13  the 
Raman  spectra  of  BrF/SbjFj,'  and  of  BrFs  in  SbF4  solution 
and  proposed  a tentative  assignment  for  BrF/.  Solutions  of 

* Author  to  whom  correspondence  should  b*  addressed  at 
Rocketdyae. 

(I)  Presented  In  part  at  the  6th  Lcttiwational  Sympoalum  on 
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BrFs  in  SbFj  were  shown13  to  be  highly  conductive  suggest- 
ing an  ionic  formulation  for  the  BrFs  'SbFj  adduct. 

Iodine  pentafluoride  forms  1 : 1 adducts  with  SbFs>4  and 
PtFs  >s  Recently,  the  crystal  structure  of  IFs  SbFs  has 
independently  been  studied  by  X-ray  diffraction  by  two 
groups. ,*-17  Unfortunately,  IFs'SbFs  tends  to  form  twin 
crystals17  thus  rendering  the  structural  determination  some- 
what difficult.  Both  groups  suggest  for  1F4  SbFs  a mainly 
ionic  structure  containing  a distorted  trigonal-bipyramidal 
IF/  cation  of  symmetry  and  an  SbF/  anion  distorted 
from  symmetry  £V  However,  several  interesting  questions 
such  as  the  difference  in  bond  length  between  the  axial  and 
equatorial  IF  bonds  remain  unresolved.  Shamir  and 
Yaroslavsky  have  reported1*  in  a preliminary  communication 
the  Raman  spectra  of  a number  of  adducts  including  that  of 
IF*  SbFs-  However,  their  experimental  data  are  incomplete 
and,  theiefore,  their  conclusions  are  little  convincing. 

iupcruncntal  Section 

Apparatus.  The  materials  uvd  in  this  work  were  manipulated 
culier  in  a well-passivated  (with  C1F,)  304  stainless  steel  vacuum  sys- 
tem equipped  with  Teflon  FEP  U traps  or  in  the  dry  nitrogen  atmos- 
ph-«e  of  t,  glove  box.  Pressures  were  measured  with  a Heise  Bourdon 
’ube-type  gauge  (0-1500  mm  t 0.1%). 

The  Raman  spectra  of  the  solids  were  recorded  with  a Spex 
Model  1 400  spectrophotometer.  The  green  (S 1 45  A)  or  the  blue 
(4880  A)  line  of  a Coherent  Radiation  Laboratory  Model  52  As  ion 
laser  and  the  red  (6328  A)  line  of  a Spectra-Physict  Model  125  He-Nc 
laser  were  used  ss  exciting  lines.  Pyrex-glass  tubes  (7 -mm  o.d.)  with 
a hollow  inside  (lass  cone  for  variable  sample  thicknesses  or  dear 
Teflon  FEP  or  Kel-F  capillaries  (1-4  mm  i.d.)  ware  used  as  sample 
containers.  For  the  capillaries  the  transverse  viewing-transverse 
excitation  technique  was  applied.  The  Raman  tpectra  of  the  HF 
solutions  were  recorded  on  s Cary  Model  83  spectrophotometer  uuug 
the  *S80-A  exciting  line.  The  samples  were  contained  in  Teflon  FEP 
capillaries  which  were  also  used  for  the  '*F  nmr  spectra. 

The  infrared  spectra  of  the  solids  were  recorded  on  a Beckman 
Model  IR-7  with  Csl  interchange  and  Perkin-Elmer  Models  337  and 
457  spectrophotometers  in  the  range  4000-250  cm'1  as  dry  powders 
between  AgCl  or  AgBr  plates  or  thin  (2  mils)  Teflon  FEP  sheets. 
Compensation  for  bands  due  to  the  Teflon  FEP  window  material  was 
achieved  by  placing  an  empty  cell  in  the  reference  beam.  Screw-cap 
maul  cells  with  Teflon  FEP  gaskets  were  used  as  window  holders. 

The  low-temperature  infrared  spectrum  of  CIF,  AsF,  was  taken  by 
preparing  the  complex  on  the  internal  window  (cooled  with  liquid 
nitrogen)  of  an  inflated  cell.  The  body  of  this  cell  was  made  from 
Py rex  glass,  all  windows  being  AgCl.  Temperature  cycling  of  the 

(14)  A.  A.  Woolf,/.  CHem.  Soc.,  367S  (1950). 

(15)  N.  BartUtt  and  D.  H.  Lohman,/.  CHem.  Soc.,  619  (1964). 

(16)  (a)  H.  W.  Baird  and  H.  F.  Giles,  preliminary  data  abstracted 
in  Acta  Cryttallogr.,  Sect.  A,  35,  S3,  St  If  (1969);  (b)  private  com- 
munication; refinement  of  date  of  ref  1 6a  resulted  in  the  following 
geometry  for  IF,*:  r*q  = 1.7(,rM*  1.(7  A;4*q»=  101,  m 156*. 

(17)  N.  Bartlett,  private  communication.  IF,*  geometry:  rw  *> 

1.79, 1.(1  A;^®  153*. 

(18)  1.  Shamir  andY  Yaroslaviky.  Itr.  J.  CHem..  7.  495  (1969). 
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internal  window  in  vacuo  war  enential  to  obtain  spectra  free  of  un- 
reacted startinf  materials. 

The  '*F  nmr  spectra  were  recorded  at  56.4  MHz  on  a Varian  high- 
resolution  nmr  spectrometer  equipped  with  a variable-temperature 
probe.  Chemical  shifts  were  determined  by  the  side-band  technique 
with  an  accuracy  of  * 1 ppm  relative  to  the  external  standard  CFC1,. 

Preparation  of  the  QF,  Adducts.  The  purification  of  C1F,,  SbF,, 
AsF,,  and  HF  and  the  preparation  of  the  C1F,  - (Lewis  acid)  adducts 
has  previously  been  described.’  Since  the  melting  point  and  the 
composition  of  the  CIF,SbF,  samples  varied  somewhat  with  the 
method  of  preparation,  three  different  samples  were  investigated. 
Sample  I had  the  composition  C1F,  ■ 1 ,08SbF,  and  showed  first  signs 
of  melting  at  88*.  It  was  prepared  by  adding  an  SbF,-HF  solution 
to  excess  OF,.  Sample  11  had  the  composition  C1F,  - 1.36SbF,  and 
was  prepared  by  combining  SbF,  dissolved  in  HF  with  an  excess  of 
OF,  at  - 196*  followed  by  warm-up  to  25*  and  removal  of  volatile 
material  in  vacuo.  It  showed  first  indications  of  partial  melting  at 
~35*.  With  increasing  temperature,  however,  the  sample  solidified 
again  showing  the  onset  of  a second  melting  at  88* . Sample  111  had 
the  same  composition  as  sample  II  and  was  prepared  by  treating  a 
part  of  sample  11  with  excess  OF,  in  a Monel  cylinder  at  50*  for  48 
hr  with  agitation.  It  melted  at  about  33*  to  form  a milky,  highly 
viscous  liquid.  The  synthesis  of  the  ClF/PtF,"  and  ClF.TtF,'  mix- 
ture has  previously  been  described.' 

Preparation  of  BrF,  - 2 SbF, . Bromine  pentafluoride  (from  The 
Matheson  Co.)  was  treated  with  F,  at  ambient  temperature  until  the 
material  was  colorless.  It  was  purified  by  fractional  condensation 
through  two  traps  kept  at  -64  and  -95*.  The  material  retained  in 
the  -95*  trap  showed  no  detectable  impurities  in  the  infrared  spec- 
trum. 

Bromine  pentafluoride  (1 12.3  mmol)  was  condensed  at  - 196* 
into  a passivated  l()0-ml  Monel  cylinder  containing  68.8  mmol  of 
SbF, . The  cylinder  was  heated  for  3 days  at  1 20* . Subsequently, 
unreacted  BrF,  (78.3  mmol)  was  removed  In  vacuo  si  ambient  tem- 
perature leaving  behind  a white,  cryitallinic  solid.  Consequently. 

UrF,  (34.0  mmol)  had  reacted  with  SbF,  (68.8  mmol)  in  a mole  ratio 
of  1 :2.02  producing  the  complex  BrF,  -2SbF,. 

Preparation  of  BrF,  AaF,.  Bromine  pentafluoride  (4.42  mmol) 
was  combined  with  AsF,  (1 3.15  mmol)  at  - 196*  in  a Teflon  FEP  U 
trap.  The  mixture  was  allowed  to  warm  up  slowly  until  melting  and 
reaction  occurred  When  the  pressure  inside  the  trap  reached  1 200 
mm,  ;hc  mixture  was  cooled  again  to  -196*.  T his  procedure  was 
repeated  several  rimes  until  the  reaction  was  complete.  Unreacted 
AsF,  (8.77  mmol)  was  removed  in  vacuo  at  -95*  leaving  behind  s 
white  solid  which  melted  at  higher  temperature  to  form  an  almost 
colorless  liquid.  Prolonged  pumping  on  the  adduct  at  -95*  resulted 
m the  removal  of  additional  small  amounts  of  AsF,  indicating  that 
the  adduct  hat  a slight  dissociation  pressure  even  at  -95*.  The 
infrared  spectrum  of  the  gas  obtained  by  exhaustive  dissociation  of 
the  solid  showed  BrF,  and  AsF,  in  « 1 : 1 mole  ratio.  Based  on  the 
above  given  material  balance,  BrF,  (4.42  mmol)  had  combined  with 
AsF,  (4.38  mrnol)  in  a mole  ratio  of  1 :0.99  producing  the  complex 
BrF,  AsF,. 

PsuparUioa  of  IF,  - SbF, . This  product  was  prepared  as  pre- 
viously described."  The  miteraJ  was  a white,  crystaUinic  solid.  The 
material  balance  was  as  expected  for  a 1:1  adduct.  Anal  Calcd  for 
ISbFl0:  1. 28.9;  Sb,  27.8;  F.  43.3.  Found:  I.  29.4;  Sb,  27.4;  F, 
43.0. 

Liquid  IF,  and  gaseous  AsF,  when  combined  at  20*  with  stirring 
did  not  form  a stable  adduct. 

KezuJU  and  Disc  nation 

Syntheses  and  Properties.  The  preparation  of  the  C1FS 
adducts  has  previously  been  discussed.3  In  the  BrFs-SbFs 
system  we  could  not  isolate  a 1 : 1 adduct  even  when  employ- 
ing a large  excess  of  BrFj  and  temperatures  above  100°  in 
the  synthesis.  The  BrF;  '2SbFj  complex  is  a white  crys- 
talline solid.  It  can  be  stored  in  Teflon  FEP  containers 
without  appreciable  decomposition.  Exposure  to  small 
amounts  of  moisture  or  reactive  surfaces  produces  a pink  to 
deep  red  color  due  to  the  formation  of  Br3*  salts.2  Single 
crystals  of  BrF;  -2SbFs  can  be  readily  grown  by  slow  sub- 
limation at  temperatures  slightly  higher  than  ambient.  The 
results  of  a single-crystal  X-ray  diffraction  study  on  BrF;  - 
TiSbF;  have  been  reported12  elsewhere.  With  AaF;,  however, 
BrF;  does  form  a 1 ; 1 adduct,  but  its  thermal  instability  pre- 
empted its  use  for  structural  studies.  Upon  melting,  the 


complex  forms  a colorless  liquid,  if  impure  BrF;  is  used  in 
the  synthesis,  the  color  of  the  liquid  is  an  intense  burgundy 
red  indicating  the  presence  of  Br3*  ions.2  The  fact  that  AsF; 
and  SbF;  combine  with  BrF;  in  different  moie  ratios  might 
be  explained  by  the  pronounced  tendency  of  SbF;  to  form 
polymeric  anions  such  as  Sb3Fn  - 

Our  data  obtained  for  IF;  -SbF;  confirm  Woolfs  reports.14 
Single  crystals  of  IF;  SbF;  were  grown  by  slow  sublimation 
at  40°.  A single-crystal  X-ray  diffraction  study  in  our  lab- 
oratory was  discontinued  when  we  learned  about  the  work1* 
of  Baird  and  Giles.  The  fact  that  AsF; , a weaker  Lewis  acid 
than  SbF;,  does  not  form  a stable  adduct  with  IF;  is  not 
surprising.  As  previously  pointed  out,1*  halogen  penta- 
fluorides  possess  an  energetically  favorable  pseudoociahedral 
structure  and  show  little  tendency  to  form  the  energetically 
less  favorable  pseudo-trigonal-bipyramidal  XF„*  cations. 

|SF  Nmr  Spectra.  The  l(>F  nmr  spectrum  of  C1F;  • 1 .36- 
SbF;  in  acidified  HF  has  previously  been  discussed.7  The 
observation  of  two  signals  of  equal  intensity  at  -256  and 
-274  ppm,  respectively,  relative  to  CFClj  below  -60°  is 
strong  evidence  for  a C1F/  cation  having  two  nonequivalent 
sets  of  two  fluorine  ligands.7 

The  ‘*F  nmr  spectrum  of  BrF;  '2SbF;  in  HF  or  HF-AsF; 
solution  showed,  between  +20  and  -80a  for  the  BrF  part 
of  the  spectrum,  a single  resonance  at  -197  ppm  relative  to 
external  CFClj.  In  the  HF-SbF  region  at  20°  a very  broad 
unresolved  common  peak  centered  at  about  1 30  ppm  was 
observed  indicating  fast  exchange  between  the  solvent  and 
the  anion.  In  more  dilute  solutions  the  HF-Sb3FM~  signal 
shifted  to  about  150  ppm  and  gained  in  relative  intensity 
whereas  the  chemical  shift  of  the  BrF/  resonance  remained 
constant.  At  lower  temperatures  (-60  to  -80°)  the  peak  in 
the  SbF  region  started  to  separate  into  several  peaks  at  about 
76, 93,  120,  and  127  ppm.  Whereas  the  identity  of  these 
peaks  could  not  definitely  be  established,  the  chemical  shifts 
of  some  of  them  are  similar  to  those  (93,  120,  and  142  ppm) 
previously  found  for  Sb3Ftf  in  HF  solution.20  The  chemical 
shift  of  -197  ppm  found  for  BrF/  in  HF  differs  significantly 
from  that  (-167  pptn)  reported  by  Meinert  and  Gross  for  the 
melt.11  This  discrepancy  might  be  caused  by  the  different 
environment. 

A solution  of  IF;  SbF;  in  HF  exhibited  between  +20  and 
-80°  only  one  signal  at  133  ppm  indicating  rapid  exchange 
between  all  species  present.  Acidification  of  the  solvent 
with  AsF;  did  not  influence  the  exchange  rates  sufficiently 
to  cause  a separation  into  individual  signals. 

The  fact  that  the  inter-  and  intramolecular  exchange  rates 
decrease  in  the  order  IF;  • SbF,  > BrF,  -2SbF;  > ClF;SbF; 
might  be  explained  by  the  decreasing  size  and  polarizability 
of  the  corresponding  halogen  pentafluorides. 

Vibrational  Spectra.  The  vibrational  spectra  of  the  halogen 
pentafluoride-Lewis  acid  adducts  are  shown  in  Figures  1-10. 
The  infrared  spectrum  of  the  ClF/PtF/  and  ClF**PtF/ 
mixture  has  previously  been  given4  and,  hence,  is  not  shown 
here.  The  observed  frequencies  are  listed  in  Tables  1 and  11. 

Since  the  ionic  nature  and  structure  of  the  Lewis  acid 
adducts  of  C1FS , BrF; , and  IF;  have  been  established  by  X- 
ray  diffraction,12 'l6* 17  nmr,7  and  conductivity  studies,13  the 
discussion  of  their  vibrational  spectra  can  be  kept  relatively 
short.  The  main  objective  of  this  study  is  to  demonstrate 
that  the  vibrational  spectra  are  consistent  with  the  known 

(19)  K.  O.  Christo,  C.  J.  Schick,  and  D.  HUpovich,  Inorg,  Cton, 
11,  220S  (1972). 

(20)  R.  J.  GUlotpi*  and  K.  C.  Moca,  J.  Chain.  See.  A,  1 170  (1966); 
M.  A loom,  M.  Bro  wiu  tain,  and  K.  J.  GUMapia,  Can.  J.  Cham.,  47, 

4159  (1969). 
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Tabt*  1.  Vibrational  Sgtctti  of  C1F,  • (Lewis  add)  Adduct*  and  Their  Assignments  Compared  to  That*  of  SF4 


Ob  id  £rsq  (cm'1)  a ad  tel  intern* 


OF,  SbF,* 

OF/PtF- 

ClF,*PtF/  * 
lr 

SF4(g) 

C1FV 

AsF,/ 

Raman 

Assignment  (point  group)* 

lx* 

Raman* 

It 

Raman 

Ir 

Solid 

HF  loin 

XF,  (Cw) 

YF.  'Oh) 

1744  vw» 
1617  vwf 

1600vw.br 

1390  vw 

v,  + V,  (B,) 

720  a 671 

1281  w 

1340  vw 

1335  w 

1330  w.br 

v2  + (B 

»>,  + P|(FIU) 

867  s 

865  (0+) 

827  s 

830  (2.5) 

825  »,  sh 

822  (2.5) 

825  sh  \ 

790  vs 

v.  (B.) 

891  s 

888  (9.0)  1 

796  vs 

799(10) 

803  vs 

802(10) 

802  (i0)J 

3 ftf 

730  vs 

730  (0+)  J 

720  vs 

699  s 

673  ms 

669  vs 

670  (0.5-2.5) 

l 

670-620  vs 

711  (0.3) ) 
695  (0.3) ) 
671  (8.0) ) 

648  vs 

653(8.6) 

656(8)/ 

P,  (A,g) 

584  m » 
576  mw) 

579  (4) 

579  w 

583  (0.6-4) 

ft  lEg) 

558  m 

553  (10) 

568  w 

553  w 

567  (6.5) 

568  (5.5) 

574  (5.5) 

v,  (A,) 

p,  (E,) 

532  ms 

532  (4.0) 

536  mw 

538  (2.5) 

535  ms* 

534  (5)* 

537(1)* 

545  s.  br* 

p,  (B  j and 

p,  (H,)* 

464  vw 

475  (1.2) 

511  ms** 

519(1) 

510  sh 

515  (0.2) 

515  (0+) 

500  s 

p,  (A,)  and 

p(AtFAs)** 

353  ms 

414(0+) 
350  (0+) 

395  s 

473  (1) 

{ 399  (0.6) 

386  m 

280  s 

475  (0,4) 

475  (0.4) 

383  s 

271  s 

v,  (A,) 
v,  (B,) 

v,  (Fltt) 

372  (2.7) 

279(1.4) 

277(1) 

P,  (F*) 

226  w 

223  (1.0) 

237  (1.1) 

235  (0.5) 

245  sh 

v«  (A,) 

« R.  A.  Ficy,  R.  I„  Redington,  and  A.  L.  K.  Anbury,  J.  Chtm.  Phyt , 54,  344  (1971).  <>  Uncorrected  Raman  intensities.  * Assignments  for 
the  anion  bandi  axe  made  assuming  for  limplicity  octahedral  symmetry,  although  in  most  cases  the  actual  symmetry  is  expected  to  be  lower 
thanCV  4 | w.  Levin  and  C.  V.  Berney,  J.  Chtm.  Phyt,  44,  2557  (1966).  • K.  O.  Christe  and  W.  Sawodny, /Md.  52. 6320  (1970).  /The 
low- temporal urc  infrared  spectrum  indicates  the  presence  of  substantial  amounts  of  As,  F,,  . * The  listed  frequencies  are  those  obtained  for 
OF,  1.08SbF,.  The  relative  intensities  of  the  670-,  583-,  and  to  a lesser  extent  the  J 34-cm  '1  Raman  bands  varied,  indicating  different  dagreee 
of  deviation  of  SbF,‘  from  symmetry  Oh  or  slight  inhomogeneity  of  the  sample.  h Reference  6. 
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Figure  1.  Raman  spectrum  of  solid  OF,  - 1 .ORSbF,  (sample  I)  con- 
tained in  a Teflon  FEP  capillary.  Exciting  line  was  5145  A.  C 
indicates  spectral  slit  width. 

ionic  structures,  to  define  the  principal  bands  of  the  HalF«* 
cations,  and  to  examine  the  plausibility  of  the  given  assign- 
ments by  comparison  with  the  known  spectra  of  isoelectronic 
chalcogen  tetrafluorides  and  by  force  field  computations. 

Chlorine  Pcntaftuorkk  Adducts.  The  infrared  spectra  of 
the  ClFj  xSbF,  adducts  are  relatively  insensitive  to  changes 
in  the  ClFs  SbFj  combining  ratio  owing  to  the  relative  broad- 
ness of  the  bands  due  to  the  Sb-F  vibrations  (see  Figure  3). 

In  the  corresponding  Raman  spectra  (Figures  1 and  2),  how- 
ever, slight  changes  in  the  composition  of  the  adducts  or  in 
the  procedures  used  for  their  preparation  may  cause  signif- 
icant changes.  As  expected,  sample  I,  having  the  composi- 
tion ClFj  • 1 ,08SbF| , shows  the  simplest  spectrum.  With 
increasing  SbFj  content  and  tempering,  features  attributable 


Figure  2.  Raman  spectrum  of  solid  CIF,  ■ l.36SbF,.  Traces  A and 
B show  samples  II  and  III,  respectively.  Ke)-F  capillaries  were  used 
at  containers  with  5 145 -A  excitation. 


to  polymeric  anions  such  as  SbjF'n*  become  more  pronounc- 
ed. Similarly,  the  low- temperature  infrared  spectrum  of  the 
C1F5  AsFj  adduct  (Figure  3)  indicates  the  presence  of  the 
A $2  F 1 1 anion.11  -11  However,  the  A»a  F i f anion  is  much  less 
stable  than  Sb^Fu  resulting  in  the  facile  removal  of  the  sec- 
ond AsFj  molecule  under  the  conditions1  used  for  the  syn- 
thesis of  the  Raman  sample  (1.1  adduct). 

The  vibrational  assignments  for  C1F4*  in  point  group  C*, 

(see  Table  I)  were  made  by  analogy  with  isoelectronic  SFg31"1* 

(71)  K.  O.  ChrtsU  and  W.  Maya,  Inorf.  Chtm.,  8,  12S3  (194#). 

(22)  P.  A.  W.  Dean,  R.  i.  Gillespie,  R.  Huime,  and  D.  A. 

Humphreys,  J.  Chtm.  Soc.  A,  341  (1971). 

(23)  I.  W.  Lavin  and  C.  V.  Barney,/.  Chtm.  Phyt,  44,  2557 
(1966). 

(24)  K.  O.  Christ*  and  W.  Sawodny,/.  Chtm ■ Phyt.,  52,  6320 

(1970). 

(25)  K.  A.  Frey,  R.  1.  Redington,  and  A.  L.  K.  Afiibujy,/,  Chtm. 
Phyt.,  54,  344  (1971). 
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295  (1)  1 
264  (0.7)1  280  ‘b 
230(0.5)  235  (0+) 
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*3  (B.) 
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»»  (B4) 
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288  m 285  (0+)  280  ih 
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151  (0.4) 
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42  (6) 
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568  m 555  (3.3)  )_  p 572  vw  614(4)  609(9)  v,  (A,) 

540  mw  545  sh  540  (1)  567  w,  sh  569  (1.5)  570  sh  )c.  „ . 

488  mi  490(1)  Sb-F-Sb  520  vw.  ih  521  (1 .3)  fbb  ‘ 

405  m 400  w 419  m 426  (2)  »>,  (B,)  333  w 388  mw  385  (0.8)  v,  (B,) 

366  m.  p 385  (0.5)  v,  (A,)  293  mw  345  w 341(0.4)  . i/,  (A,) 

250  vw  369  mw  369(0.5)  363  (5)  v,  (B,)  311  w 316(0.2)  323  *"  v,  (B.) 

264  (0  7)1 28^  *b  P *39(0.9)  \ 

230  0 5 235  (0+)  r1”  288  m 285  (0+)  280  ih  SsbF. 

J ; 263  mw  259(0.5)  250  th  ) 

160  vw  162  w.p  219(0.2)  vt  (A,) 

*5(1.5)  Lattice  mode  42  J6'  | lattice  model 

° Uncouected  Raman  intensities.  6 Btu  values  and  assignments  wete  taken  from  K.  Ramaswamy  and  S.  Jayaraman,  Indian  J.  hire  Appl. 
Pftyt , 8,  625  (1970);  L.  E.  Alexander  and  1.  R.  Beattie.  J.  Chem.  Soc.  Dalton  Trans..  1745  (1972);  C.  J.  Adams  and  A.  J.  Downs, 
Spectrochim.  Acta.  Part  A,  28,  1841  (1972).  r From  the  last  reference  given  in  footnote  b. 
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Figure  3.  Infrared  spectra  of  lobd  C1F,  -JtSbF,  as  dry  powder  between  AgBr  plates:  trace  sample  11;  trace  t,  sample  1;  trace  C,  AgBr 
window  background. 


(•itkiaor,  cm- 1 

Figure  4.  Raman  spectrum  of  solid  CIF,  • AsF,  contained  in  a 
Teflon  FEP  capillary.  Exdting  was  line  5145  A.  Bands  marked 
by  an  asterisk  are  due  to  the  Teflon  tube. 

and  by  comparison  with  the  known  spectra  of  compounds 
containing  AsF6V,17~w  As^Fu’.21  •"  SbF6\and 
SbjFu'  ".M.J0'33  anions.  In  solids,  the  deviation  of  the 
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Gillespie  and  M.  J.  Morton,  lnorg.  Chem.,  9,  616  (1970). 


ms  as  as  m>  m cm'1 

Figure  5.  Low-temperature  infrared  spectrum  of  solid  CIF,  ■ AsF,. 
Window  material  AgCl. 

spectra  of  these  anions  from  those  expected  for  the  delated 
octahedral  ions  is  very  common.  It  can  be  caused  by  effects 
such  as  site  symmetry  lowering,  slight  distortion  of  the  octa- 
hedrons owing  to  crystal  packing  and  anion-cation  inters*  - 


(33)  D.  E.  McKee,  C.  ).  Adams,  and  N.  Bartlett,  private  com- 
munication. 


Halogen  Pentatluoride-Lcwis  Acid  Adducts 


Inorganic  Lhenustry,  voi.  no.  it,  jy/j  xooj 


FREQUENCY,  CM 


Figut*  6.  Raman  tpectrum  of  <oUd  BrF,  2SbF,  contained  in  a glass  tube  with  a hollow  inside  glass  cone.  Exciting  line  was  5 145  A using  the 
axial  vicwing-tiamveiK  excitation  technique. 


Figure  7.  Inflated  specuunt  of  solid  BtE,  - 2SbF,  as  a dry  powder 
between  AgCl  plates. 
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Figure  8.  Raman  spectrum  or  solid  IF,  SbF,  contained  in  a glass 
tube  with  a hollow  inside  glass  cone  using  5 1 4S-A  excitation. 


Figure  9.  Infrared  spectrum  of  solid  IF,  SbF,  as  a dry  powder  be- 
tween Agflr  plates. 

tion,  anc  the  tendency  to  form  polymeric  anions.  Unfor- 
tunately, the  splittings,  frequencies,  and  relative  intensities 
of  these  bands  strongly  vary  from  compound  to  compound. 
Therefore,  reliable  assignments  for  the  cations  require  the  re- 
cording of  spectra  of  adducts  containing  different  anions  or 
of  solution  spectra  which  usually  show  the  bands  characteris- 
tic of  the  unperturbed  ions.  Contrary  to  the  highly  sym- 
metric ocuhedrai  XF6"  anions,  the  Cl  Fa*  cation  cf  symmetry 
C*  should  be  very  little  influenced  by  solid-state  effects  be- 


fWHtNCV, cm'1 

Figure  10.  Raman  spccira  of  he  jolucium  of  IF,  ■ SbF,  (trace  A), 
BrF,  • 2SbF,  (trace  B)  .’ll- , • 1 .OSSbF,  (trace  C),  and  ClF/SbF,' 
(trace  D;  the  numbers  indicate  v, , v, , and  v,  of  octahedrai  SbF,') 
m Teflon  FEP  capillaries  using  4880-A  excitation.  Trace  E shows 
the  spectrum  of  an  empty  capillary;  Teflon  bands  are  marked  by 
and  asterisk.  F indicates  spectral  slit  width. 

cause  it  possesses  already  its  maximum  number  (3/i  - 6 - 9) 
of  modes. 

For  the  C1FS  adducts  sufficient  experimental  data  (see 
Table  I)  are  available  to  distinguish  the  anion  from  the  cation 
bands.  As  can  be  seen,  the  spectrum  of  CIF**  is  very  similar 
to  that  of  isoelectronic  SF< . ■**  1 his  close  resemblance  is 
comparable  to  that  found  for  the  isoelectronic  pairs  SF20- 
ClFjO*,34  SFjOj-CIFjOj*,15  SF#-C1F6\*  and  SFj'-ClFj36 
and,  therefore,  is  not  surprising.  For  CIF/,  the  assignment 
to  the  individual  modes  was  made  by  analogy  with  SF4.  For 
SF4,  the  assignment  of  Frey,  el  al.  ,’s  was  used  which  was 
recently  confirmed’*  by  mean-square  amplitudes  of  vibration 
and  force  field  computations. 

(34)  K.  O.  Chriite,  E.  C.  Curtia,  and  C.  J.  Schack,  Inorg.  Chem.. 
it.  2212  (1972). 

(35)  K.  O.  ChrUtc,  R.  D.  Wllaon,  and  E.  C.  Curtia,  Inorg.  Chem., 
12,  I3S8  (1973). 

(36)  K.  O.  Chrute,  E.  C.  Curtia,  C.  J.  Schack,  and  D.  PUIpovich, 
Inorg.  Chem.,  11,  1679  (1972). 
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Table  111.  Observer  Frequencies  (cm"1),  Approximate  Description  of  Modes,  and  Computed  Symmetry  a iv*. 
Most  important  Internal  Force  Constants0  of  C1F4* 


C1F/ 

CIF,* 

A, 

v, 

800 

v sym  eq 

F^fr  + frr 

4.54 

11 

0.24 

F>< 

0.05 

Vj 

571 

v sym  ax 

Fi}  -1r  +1rr 

3.65 

V, 

510 

£ sciu  eq 

F»=ffi 

2.65 

F» 

-0.03 

V4 

237 

£ sciss  ax 

Ft 4 = 0.31/c  + 0.69V 

0.41 

A, 

v> 

475 

T 

Fit  = fa  + fa'"  — fa'  - fa" 

2.08 

B, 

V. 

795 

v asym  ax 

F,t  = fn~  fRR 

3.23 

Ftl  - V2</rq  - /not') 

0.50 

v. 

537 

rocking 

^77  ~ fa  ~ fa"  + fa'  ~ fa'" 

2.26 

B, 

829 

v asym  cq 

F»=fr~frr 

4.61 

Ftt=s/2(fra-fra') 

0.21 

V, 

385 

£ sciss  ax  out  of  plane 

Fn  — fa  “ fa"'  ~ fa'  + fa' ' 

2.54 

fr 

4.58 

4.19 

fn 

3.44 

2.70 

frr 

-0.04 

fRR 

0.21 

0.36 

a Stretching  constants  in  mdyn/A,  deformation  constants  in  mdyn  A/radian',  and  stretch-bend  interaction  constants  in  mdyn/radian. 
b Reference  25.  c in  addition  to  interaction  constants  which  are  not  listed. 


In  the  spectra  of  the  C1F5  adducts,  nine  bands  are  found 
which  might  be  attributed  to  CIF4\  Of  these,  the  intense 
infrared  and  Raman  bands  at  about  800  cm'1  obviously 
represent  the  symmetric  equatorial  ClFj  stretching  mode  i>, . 
The  moderately  intense  Raman  and  strong  infrared  bands  at 
about  825  cm'1  then  must  be  the  antisymmetric  equatorial 
stretch  ve . The  symmetric  axial  stretch,  v2 , falls  within  the 
range  of  the  v2  anion  bands,  but  is  clearly  identified  by  the 
strong  Raman  band  at  574  cm-1  in  the  HF  solution.  The 
antisymmetric  axial  stretching  mode,  v6,  should  be  of  very 
high  intensity  in  the  infrared  and  of  very  low  intensity  in  the 
Raman  spectrum.  By  comparison  with  other  pseudo-trig- 
onal-bipyramidal  molecules  such  as  C1F33’'  or  ClFjOj,3*  it 
should  occur  above  700  cm'1 . Since  there  is  no  additional 
yet  unassigned  strong  infrared  band  above  this  frequency  in 
all  of  the  observed  spectra,  a coincidence  with  p,  must  be 
assumed.  The  assignment  of  i>4  and  i>9  to  the  bands  at  237 
and  385  cm'1 , respectively,  is  clear-cut  and  needs  no  further 
comment . This  leaves  us  with  three  frequencies  ,537,515, 
and  475  cm-1 , for  the  assignment  to  p7,  p3,  and  i>t . Since 
the  475-cm’1  band  appears  to  be  inactive  in  the  infrared 
spectrum,  we  ascribe  it  to  vs  which  ideally  should  be  for- 
bidden in  the  infrared  spectrum.  Based  on  their  relative 
Raman  intensities,  when  compared  to  those  of  SF4,  we  prefer 
to  assign  v3  and  p7  to  5 15  and  537  cm'1 , respectively.  The 
assignments  for  v3,  i>7,  and  vs  are  somewhat  tentative.  How- 
ever, a reassignment  of  these  three  deformational  modes 
should,  owing  to  their  similar  frequencies,  be  of  minor  influ- 
ence on  the  principal  force  constants. 

Force  Constants.  The  method  used  for  the  computation 
of  the  C1F4*  force  field  has  previously  been  described.3*  The 
following  geometry  was  assumed  for  C1F4*:  r(Cl-F*,)  = 1 .57, 
F(C1-F«)  = 1 .66  A;  c<F„aF»Q)  * 90,  ffF^ClF^  = 97 , 
7(Fm,OF«x)  = 180°.  The  symmetry  coordinates  were  iden- 
tical with  those  previously  given*3'34  for  isoelectronic  SF4, 
except  for  S3 « and  S4  = 0.27652a<  - 0.8332?,  which  are 

different  owing  to  7 = 180°  in  OF/  and  were  found  numer- 
ically by  a previously  described39  machine  method. 

A general  valence  force  field  for  C1F/  contains  17  sym- 
metry force  constants.  Since  only  nine  frequency  values  are 


(37)  H.  Sails,  H.  H.  Claaaatn,  *nd  J.  H.  Holloway, /.  Ckem.  PHy*., 
$7,3517(1970). 

(38)  K.  O.  Christa  uid  E.  C.  Curtii,  Inorf.  Chem.,  12,  224S  (1973). 

(39)  K.O.  Christa  and  E.  C.  Curtii,  Chem.,  11.  2196  (!  972). 


Figure  11.  Force  con.tant  ellipses  for  C1F/.  The  solid  and  broken 
curves  represent  the  solutions  for  FlltF„,  and  Fti  as  a function  of 
Fh  and  for  Ftl  and  Flt  as  a function  of  Flt,  respectively.  Dimen- 
sions are  in  mdyn/A. 

available  for  their  computation,  a unique  force  field  cannot 
be  determined.  Inspection  of  the  G matrices  of  C1F/  shows 
that  in  the  A!  block  Gu,  G33,  and  G*  are  zero  and,  therefore, 
Fi2,F2i,  and  Fja  can  be  neglected.40 

The  influence  of  the  remaining  off-diagonal  F terms  on  the 
(Fagonal  F values  was  determined  by  computing  their  values 
as  a function  of  the  off-diagonal  F terms.  The  resulting 
halves  of  the  force  constant  ellipses  are  shown  in  Figures  1 1 
and  1 2 and  represent  the  possible  mathematical  solutions  of 
the  force  field.  It  has  previously  been  shown40  that  tlse 
most  probable  range  for  Fxy  is  limited  by  the  extremal  values 
Fyy  and  FXy  = minimum.  Inspection  of  Figures  1 1 and  12 
reveals  that  even  with  this  con:  train t small  variation  of  cer- 
tain off-diagonal  force  constants  can  strongly  influence  the 
values  of  the  diagonal  force  constants.  Consequently,  an 
uncertainty  of  about  ±0.5  mdyn/A  should  be  assumed  for 

(40)  W.  Sawodny,  J.  UoL  Spectra* c.,  30,  S6  (1969). 
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Figure  12.  Force  constant  ellipses  for  CIF/.  The  solid,  broken, 
and  dotted  curvet  represent  the  solutions  for  Fn,  F„,  and  Fu  as  a 
function  of  Fu,  for  and  F^  as  a function  of  F„,  and  for  Ftt 

and  F;  as  a function  of  Ftt,  respectively. 

the  stretching  force  constants  Fu,FM,  and  Fm.  However 
in  spite  of  these  relatively  larger  uncertainties,  Figures  1 1 
and  12  clearly  show  that  the  symmetry  force  constants  in- 
volving the  equatorial  bonds  (/.<?. , F\  i and  Fw)  are  signif- 
icantly larger  than  those  involving  the  axial  bonds  (L  e. , F2i 
and  Fn).  The  frequencies  used  for  the  force  constant  com- 
putations of  CIF/  are  listed  in  Table  III,  together  with  our 
preferred  force  field,  obtained  by  the  method  of  stepwise 
coupling.41  The  fact  that  CIF4*  and  isoelectronic  SF4  show 
similar  force  fields  is  not  surprising  in  view  of  their  similar 
frequencies  and  G matrices. 

The  significant  difference  in  covaient  bond  strength  be- 
tween equatorial  (4.6  mdyn/A)  and  axial  (3.4  mdyn/A)  bonds 
in  CIF4*  is  in  excellent  agreement  with  a generalized  bonding 
scheme  previously  discussed42  for  a large  number  of  halogen 
fluorides.  It  suggests  that  the  bonding  in  CIF/  might  be 
explained,  as  previously  described  for  the  related  pseudo- 
trigonal-bipyramidal  species  C1F3,C1F30, 39  and  CIF3O2,38 
by  the  following  approximation.  The  bonding  of  the  three 
equatorial  ligands  (including  the  free  electron  pair  on  Cl  as  a 
ligand)  is  mainly  due  to  an  sp2  hybrid,  whereas  the  bonding 
of  the  two  axial  C1F  bonds  involves  mainly  one  d tlocalized 
p-electron  pair  of  the  chlorine  atom  for  the  formation  of  a 
semiionic  three-center  four-electron  pp  o bond.43"45 

BrFj  2SbF5  Adduct.  The  predominantly  ionic  nature  of 
BrF*  -2SbF5  l-as  previously  been  established12  by  a single- 
crystal X-ray  diffraction  study.  Owing  to  the  large  number 
of  fundamentals  expected  for  BrF/Sb5Fu~  and  to  the  in- 
availability of  other  salts  containing  the  BrF/  cation  only 
tentative  assignments  can  be  made  for  BrF/.  These  are 
listed  in  Table  11  and  are  based  on  comparisons  with  those 

(41)  W.  Sawodny,  A.  Fadlni;  and  K.  Ballein,  SptctrocKim.  Acta, 

31,  995  (1965). 

(42)  K.  O.  Chriita,  paper  preaantad  at  tha  4th  International 
Fluorine  Sympoalt-m,  Eatei  Park,  Colo.,  July  1967. 

(43)  G.  C.  Pimentel,/.  Chem.  Phyt.,  19,  446  (1951). 

(44)  K.  J.  Hach  and  R.  E.  Kundle,  J.  Amtr.  Chtm.  Soc.,  73,  4321 
(1951). 

(45)  K.  E.  Run  die,  /.  Amer.  Cham.  Soc..  $5,112  (1963). 


Table  IV.  Comparison  of  the  Fundamental  Vibrations  (cm'1)  of 
CIF/,  BrF/,  and  IF/  with  Those  of  Isoelectronic  SF4,  SeF4,  and 
TeF4,  Respectively 


OF/ 

BrF/ 

IF/ 

sf4 

SeF4 

TeF4 

A, 

Vx 

800 

723 

704 

891 

749 

695 

V2 

571 

606 

609 

553 

574 

572 

V* 

510 

385 

341 

475 

366 

293 

*>4 

237 

216 

151 

226 

162 

1151]® 

A* 

v% 

475 

414 

B, 

Vt 

795 

704 

655 

730 

622 

587 

537 

419 

385 

532 

400 

333 

Ba 

v% 

829 

736 

720 

867 

723 

682 

385 

369 

316 

353 

250 

[184.8]“ 

o Computed  values. 

reported  for  isoelectronic  SeF,*46-48  and  those  of  other  salts 
containing  the  SbjFn"  anion.20-2*-31-33-49  Our  Raman  spec- 
trum1 of  solid  BrF/SbjFn’  has  in  the  meantime  been  con- 
firmed by  Surles,  et  a/.,13  and  the  proposed  assignments1-13 
agree  for  most  of  the  fundamentals.  Since  the  crystal  struc- 
ture of  BrFa’SbjFn’  is  known12  and  the  assignments  for 
BrF/  are  tentative,  no  force  constant  computations  were 
carried  out  for  BrF/. 

1F5  SbF5  Adduct.  Two  independent  single-crystal  X-ray 
diffraction  studies16-17  have  shown  that  the  IFS  SbF5  has  the 
predominantly  ionic  structure  IF/SbF/,  although  the  bond 
lengths  and  angles  found  by  the  two  groups  for  IF/  differ 
somewhat.  The  observed  vibrational  spectrum  of  IFj  -SbFs 
(see  Table  11)  is  consistent  with  such  a predominantly  ionic 
structure.  The  bands  were  tentatively  assigned  by  compar- 
ison with  those  of  TCF4,48  which  is  isoelectronic  with  IF/, 
and  those  reported  for  similar  SbF/  salts20-30  containing  an 
SbF/  anion  distorted  from  symmetry  Oh.50  Our  Raman 
spectrum  of  1F5  SbFj  is  in  good  agreement  with  that  re- 
ported18 by  Shamir  and  Yaroslavski.  However,  their  inter- 
pretation suffers  from  the  incorrect  assumption  of  an  ideal 
octahedral  SbF6"  anion.  As  for  BrF/Sb2Fu”,  the  tentative 
nature  of  the  IF/  assignments  does  not  warrant  a force  con- 
stant treatment. 

In  summary,  all  the  experimental  data,  i.e. , X-ray  diffrac- 
tion data,  vibrational  and  ,9F  turr  spectra,  and  conductivity 
measurements,  available  for  the  halogen  pentafluoride-Lewis 
acid  adducts  are  consistent  with  predominantly  ionic  struc- 
tures containing  HalF/  cations.  The  structure  of  these 
cations  can  be  derived  from  a pseudo  trigonal  bipyramid  with 
a free  valence  electron  pair  occupying  one  of  the  equatorial 
positions.  Deviation  from  this  structure  increases,  as  expec- 
ted, with  increasing  size  and  polarizability  of  the  halogen 
centra]  atom.  This  results  in  a decrease  of  the  axial  F-Hal-F 
angle  and  increasing  F bridging  from  the  C1F5  to  the  IF$  ad- 
ducts. A comparison  of  the  fundamentals  assigned  to  the 
HalF/  cations  with  those  of  the  isoelectronic  chalcogen  tetra- 
fiuoride  series  (see  Table  IV)  shows  consistent  trends  and 
satisfactory  agreement. 
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In  a previous  paper  [1]  we  reported  the  Raman  spectrum  of  gaseous  SF4. 
The  Raman  data  and  a reinterpretation  of  the  infrared  hand  contours  suggested 
the  need  of  revising  all  assignments  for  the  deformational  modes  except  for  v7(B,). 
For  the  four  stretching  modes,  the  previous  assignment  [2-4]  was  adopted  and 
force  constants  and  mean  amplitudes  of  vibration  were  computed  [1],  In  a recent 
paper  [5],  Frey,  Redington,  and  Aljibury  proposed  a reversed  assignment  for 
the  two  antisymmetric  stretching  modes,  v6(Bj)  and  vg(B2),  based  on  comparison 
with  the  spectra  of  the  structurally  related  molecules,  BrF3  and  C1F3.  More 
recently,  Levin  [6]  proposed  a reassignment  of  the  deformational  modes  on  the 
basis  of  Raman  and  infrared  spectra  of  solid  SF4  and  supported  his  assignment 
with  a CDNO/2  calculation  of  the  infrared  intensities.  One  of  Levin’s  main 
arguments  for  revising  the  assignment  of  the  deformational  modes  was  the 
observation  of  two  bands  at  245  and  205  cm-1,  respectively,  in  the  Raman 
spectrum  of  solid  SF4.  in  a subsequent  paper  [7],  however,  Berney  showed  that 
the  205  cm" 1 Raman  band  is  due  to  residual  ot-SF4. 

Another  unsettled  question  involves  the  frequencies  of  the  axial  and  equa- 
torial SFj  scissoring  modes  in  species  A, . It  was  shown  [8-12]  for  related  trigonal 
bipyramidal  molecules  such  as  PFS  that  these  two  deformational  modes  are  highly 
mixed  [1 1 ] and  that  a better  agreement  with  the  observed  mean  square  amplitudes 
of  vibration  can  be  achieved  [10]  by  assigning  the  lower  frequency  to  the  equatorial 
deformation.  This  frequency  sequence  was  also  proposed  by  Levin  [<5J  for  SF4, 
contrary  to  our  assignment  [1  ] and  that  of  Frey  et  al.  [5]  which  are  more  consistent 
with  the  fact  that  in  SF4  the  equatorial  bonds  are  considerably  shorter  and  hence 
stronger  than  the  axial  ones  [13,  14].  In  view  of  these  conflicting  assignments. 
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TABLE  1 

ASSIGNMENT  OF  NORMAL  MODES  OF  SFj 


Species  Approximate  description  Assignment 


I II  111 

Christe  and  Frey  el  al.  [5)  Levin  [6) 

Sawodny  [/] 


Ai 

»i 

» sym  SFj  eq 

892 

892 

892 

**j 

v sym  SFj  ax 

558 

558 

558 

<5  sciu  SFj  cq 

475 

475 

245  (233) 

u 

6 sciss  SFj  ax  in  plane 

226 

228 

353 

Aj 

«*» 

SFj  twijt 

414 

414 

475 

Bi 

u 

v asym  SFj  ax 

867 

730 

728 

»7 

SFj  rocking 

532 

532 

533 

b2 

**• 

r asym  SFj  eq 

730 

867 

867 

F» 

<5  sciss  SFj  ax  out  of  plane 

353 

353 

206  (228) 

TABLE  2 

SYMMETRY  FORCE  CONSTANTS***  OF  SF«  COMPUTED  FROM  THE  ASSIGNMENTS  LISTED  IN  TABLE  1 
ASSUMING  FOR  SETS  R dSFjCq  > iSFjSX  (Ai)  AND  FOR  SETS  b OSFjCq  < <5SFaaX  (Al) 


la 

lb 

!la 

11a 

(MVFF) 

lib 

Ilia 

Ulb 

Ai 

F„  5.74 

5.71 

5.74 

5.49 

5.71 

5.83 

5.81 

Fj,  3.48 

3.48 

3.48 

3.48 

3.48 

3.48 

3.48 

Fjj  1.97 

0.57 

1.97 

2.10 

0.57 

1.10 

0.63 

F**  0.37 

1.30 

0.37 

0.38 

1.30 

0.41 

0.71 

F,j  0 

0.01 

0 

0 

0.01 

0 

0 

F, , 0.13 

0.05 

0.13 

0 

0.05 

0.02 

0.04 

F,*  0.05 

0.16 

0.05 

0 

0.16 

0.04 

0.05 

Fjj  0.02  . 

0.01 

0.02 

0 

0.01 

0 

0 

Fj*  0.01 

0.02 

0.01 

0 

0.02 

0.01 

0.01 

Fj«  -0.04 

■0.03 

-0.04 

0 

-0.03 

-0.07 

-0.06 

Aj 

200  cm" 

") 

0.35 

(»j  — 400  cm" 

•*) 

1.40 

(**»  — 600  cm' 

‘) 

3.15 

B, 

Ft,  3.66 

3.66 

2.65 

2.35 

2.65 

2.65 

2.65 

F,,  2.20 

2.20 

2.24 

2.50 

2.24 

2.24 

2.24 

F«,  0.45 

0.45 

0.60 

0.54* 

0.60 

',.60 

0.60 

Bj 

F„  3.33 

3.33 

4.77 

4.62 

4.77 

4.77 

4.77 

F„  2.01 

2.0! 

1.98 

2.04 

1.98 

1.98 

1.98 

F„  0.20 

0.20 

0.17 

0 

0.17 

0.17 

0.17 

* Stretching  force  constants  in  mdyn/A,  deformation  constants  in  mdyn  A,  and  stretch-bend 
interaction  constants  in  mdyn. 

* Unleu  ot*"T\vise  indicated  the  listed  force  fields  were  computed  by  the  eigenvector  method. 

* Minimum  alue  of  F<n  required  for  obtaining  a real  solution. 
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we  have  recomputed  the  force  field  and  mean  square  amplitudes  of  vibration  for 
SF4  hoping  that  these  data  might  allow  us  to  distinguish  between  the  different 
assignments  [1,  5,  61  fsee  Table  1). 

Since  only  nine  frequency  values  are  available  for  the  computation  of  seven- 
teen symmetry  force  constants,  a General  Valence  Force  Field  (GVFF)  cannot  be 
computed.  However,  it  is  known  that  mean  square  amplitudes  of  vibration  are 
only  slightly  influenced  by  moderate  changes  in  the  force  field.  This  was  confirmed 
for  SF4  by  calculating  mean  amplitudes  of  vibration  based  on  two  force  fields 
obtained  by  two  different  approximating  methods.  The  first  method  used  was  the 
eigenvector  method  [15,  16]  and  the  second  one  was  a diagonal  MVFF  for  species 
Aj  and  B2  combined  with  the  ^67  s minimum  solution  for  species  Bt  since  no 
real  values  can  be  obtained  for  ^67*0.  The  results  of  these  computations  are  given 
in  Tables  2,  3 and  4 and  in  Fig.  1.  The  mean  square  amplitudes  of  vibration 
computed  from  the  two  force  fields  differed  by  less  than  0.001  A,  except  for 


TABLE  3 


STRETCHING  FORCE  CONSTANTS  (in  mdyn/A)  AND  BOND  LENGTHS  (in  A)  OF  SF4  COMPARED  TO 
THOSE  OF  RELATED  MOLECULES  AND  IONS 


t 

i 

*. 

{ 

Sf A 

la 

11a 

11a 

( MVFF ) 

lllb 

SF*  [/91  SFr  117]  CIFj  [5] 

? 

i 

f. 

(»x) 

3.57 

3.07 

2.92 

3.07 

2.06  2.70 

I 

f«' 

-0.09 

0.42 

0.57 

f .42 

0.52  0.36 

V 

r. 

(eq) 

4.54 

5.25 

5.05 

5.33 

5.26  4.12  4.19 

» 

t 

v 

1.21 

0.49 

0.43 

0.48 

i 

R 

1.646  ±0.003* 

1.698  ±0.003' 

j 

r 

1. 545  ±0.003* 

1.56±0.02fc  1.598  ±0.003 

\ 

i 


• Ref.  14.  * Ref.  18.  * D.  F.  Smith,  J.  Cktm.  Phys.,  21  (1953)  609. 

TABLE  4 

COMPUTED  AND  OBSERVED  [13]  MEAN  SQUARE  AMPLITUDES  (in  A)  OF  VIBRATION  OF  SF4 


la 

lla 

Ifa  lib 

Ilia 

lllb 

(, MVFF ) 

S-Fi  (mx) 

0.050 

0.049 

0.050 

0.049 

0.049 

0.049 

0.047  ±0.005 

S-F,  (eq) 

0.044 

0.041 

0.041 

0.041 

0.041 

0.041 

0.041  ±0.005 

F.  • • • F, 

0.061 

0.061 

0.061 

0.061 

0.061 

0.061 

0.059  ±0.01 

f,-f4 

0.063 

0.063 

0.064 

0.094 

0.076 

0.091 

0.068  ±0.01 

F,  - F,  (r*  —200cm'1) 

0.09! 

0.091 

0.091 

0.086 

0.096 

0.094 

0.067  ±0.005 

(fj -400  cm'1) 

0.074 

0.073 

0.074 

0.068 

0.080 

0.077 

(p, -600  cm'1) 

0.070 

0.069 

0.070 

0.064 

0.076 

0.073 

s 

1 

§ 

I 

1 

3? 

0.068 

0.068 

0.068 

0.063 

0.075 

0.072 

i 


t 
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Fig.  I.  Mean  amplitudes  of  vibration  (A)  of  SF«  for  bonded  and  nonbondcd  distances.  Rectangles 
represent  experimental  electron  diffraction  values  ±esd  according  to  ref.  8.  Crosses,  squares, 
diamonds,  and  circles  represent  amplitudes  computed  for  the  different  assignments. 

<$rJ>*  F,  • • • F4  using  the  assignment  of  Levin  [6]  which  showed  a difference  of 
0.004  A’.  Therefore,  only  the  data  obtained  by  the  eigenvector  method  arc  listed 
in  Tables  2,  3,  and  4,  except  for  the  preferred  (see  below)  set  Ha  for  which  the 
MVFF  values  are  also  given  for  comparison. 

Table  4 and  Fig.  1 show  that  the  mean  square  amplitudes  of  vibration  are 
useful  for  discriminating  between  the  different  assignments  of  the  dcformational 
modes,  but  are  of  little  help  in  finding  the  correct  assignment  for  the  two  stretching 
modes  v4(B!)  and  v,^).  However,  the  following  force  field  arguments  favor 
set  II  over  set  I:  (1)  Generally,  the  stretch-stretch  interaction  constant  is  relatively 
small  whenever  two  bonds  form  an  angle  close  to  90°.  For  set  I,  the  equatorial 
interaction  constant  //  exhibits  a value  of  1.21  mdyn/A  which  is  unreasonably 
high  for  a F-S-F  bond  angle  of  101  The  value  of  0.49  mdyn/A  obtained  for  set  II 
is  much  more  plausible;  (2)  The  value  of  the  second  stretch-stretch  interaction 
constant,/*',  shows  only  for  set  II  a value  similar  to  those  observed  for  the  related 
species,  SFs“  [17],  C1F,  [5],  and  BrF3  [5];  (3)  The  bond  length  of  the  equatorial 
S-F  bonds  in  SF4  (1.545  ± 0.003  A)  [14]  is  similar  to  that  in  SF4(1.56±0.02  A) 
[18].  Since  bond  lengths  axe  related  to  the  stretching  force  constants,  one  might 
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expect  f,  of  SF*  to  approach  the  SF6  value  [19]  of  5.26  mdyn/A.  This  is  true  only 
for  set  11;  (41  The  relatively  large  difference  in  the  length  of  the  equatorial  and 
the  axial  bonds  of  SF4  (0.10  A)  (14]  favors  set  II  which  shows  the  larger  difference 
between /r  and  /*;  (5)  Set  II  is  in  better  agreement  with  the  values  found  [17]  for 
SF5~  if  the  general  decrease  in  the  force  constant  values  owing  to  the  formal 
negative  charge  is  taken  into  account.  Thus,  the  proposed  [5]  reassignment  of 
v6(Bj)  and  v,(B2)  results  in  a more  satisfactory  set  of  force  constants  for  SF4, 
although  it  remains  difficult  to  rationalize  the  observed  infrared  band  contours 
[2,4]. 

The  question  as  to  which  A,  deformation  mode  should  be  assigned  to  the 
higher  frequency  value,  can  readily  be  decided  based  on  the  computed  mean 
square  amplitudes  of  vibration  (see  Table  4 and  Fig.  1).  It  should  be  noted  that 
the  F,  • • • Fj  values  reported  in  our  previous  paper  [1]  are  incorrect  due  to  a 
computational  error.  The  revised  values  are  listed  as  set  la.  It  can  be  seen  from 
Fig.  1 that  all  b sets  (i.e.  S sciss  ax  > <5  sciss  eq)  result  in  unacceptably  high  values 
for  Fj  ■ • • F4.  Hence,  6 sciss  eq  > 6 sciss  ax  appears  to  be  a better  descrip- 
tion of  the  two  A,  deformational  modes  of  SF4.  It  should  be  kept  in  mind,  how- 
ever, that  both  v3  and  v,  arc  not  highly  characteristic.  The  potential  energy  distri- 
bution obtained  for  the  diagonal  force  field  shows  that  v3  is  mode  up  of  65  % 
equatorial  and  35  % axial  bending  motion,  and  that  v,  contains  significant  contri- 
butions from  both  the  axial  and  equatorial  bending  motions.  This  high  degree  of 
mixing  is  not  surprising  [20]  since  the  G matrix  elements  G,  3,  G14,  and  G34  of 
SF4  show  large  numerical  values.  The  two  remaining  modes  in  species  A,  are  more 
characteristic:  v3  is  made  up  entirely  of  axial  stretching  and  v4  represents  88  % axial 
bending.  As  can  be  seen  from  Fig.  1,  the  fit  between  observed  [13]  and  computed 
<tf2>*  F3  • • • F4  and  F,  ■ • • F3  can  be  improved  by  increasing  somewhat  the  mixing 
between  v3  and  v4.  Additional  support  for  v3  > v4  in  the  chalcogen  tetrafluorides 
was  recently  obtained  [21  ] by  Adams  and  Downs  in  a matrix  isolation  study  of 
SeF4.  The  observed  selenium  isotopic  shifts  show  that  the  higher  frequency  value 
belongs  to  v3 . 

The  high  degree  of  mixing  between  the  equatorial  and  axial  bending  motions 
for  v3  can  be  rationalized.  Inspection  of  the  normal  coordinates  of  v3  shows  that 
this  mode  is  essentially  an  umbrella  type  deformation,  i.e.  a symmetric  com- 
bination of  the  equatorial  and  axial  bending  motions.  The  v4  deformation  might 
be  considered  as  the  corresponding  antisymmetric  combination  of  these  motions. 
It  should  be  the  mode  mainly  involved  in  an  intramolecular  exchange  process  as 
suggested  by  Berry  [22]  although  higher  vibrational  levels  must  be  invoked  since 
the  normal  coordinates  show  only  little  motion  of  the  equatorial  fluorines  in  the 
fundamental.  The  fact  that  the  potential  energy  distribution  shows  v4  to  be  com- 
posed mainly  of  axial  bending  is  due  to  the  fact  that  the  sulfur  moves  in  the  same 
direction  as  the  equatorial  fluorines  thus  suppressing  the  equatorial  scissoring 
motion. 


213 


n 


\ 


•1 


\ 

i 


4 


163 


F-+. 


symmetric  combination 
of  axial  and  equatorial  bending 


»4,  antisymmetric  combination 
of  axial  and  equatorial  bending 
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Inspection  of  Fig.  1 also  reveals  that  the  assignment  proposed  [6]  by  Levin 
(set  Illb)  results  in  unsatisfactory  values  for  <q Fj  • • • F4  and  F,  • • • F3  and, 
therefore,  should  be  rejected.  Furthermore,  it  can  be  seen  that  retaining  Levin’s 
frequencies  [6]  for  At  but  reversing  the  assignment  of  v3  and  v4  (set  Ilia)  results 
in  too  high  a value  for  (q 2>*F,  • • • F3 . This  discrepancy  cannot  be  eliminated  by 
increasing  the  mixing  between  v3  and  v4,  since  a small  decrease  in  <?2>*F,  •••  F3 
results  in  a large  increase  in  <?2>* F3  • • • F4.  A second  rtrong  argument  against 
set  Ilia  was  recently  put  forward  by  Bemey  [7],  He  showed  that  the  splitting  of 
the  223  cm-1  Raman  line  in  the  spectrum  of  the  solid  is  due  to  the  a,  /?,  and  y 
forms  of  SF4  and  not  due  to  two  different  fundamentals,  thus  eliminating  the 
basis  of  Levin's  reassignment.  Furthermore,  the  observed  infrared  band  contours 
[4]  and  Raman  polarization  measurements  on  gaseous  SF4  [I]  and  ScF*  [23] 
favor  set  II  over  III. 

Since  the  modified  valence  force  held  obtained  by  the  eigenvector  method 
[15,  16]  is  not  too  different  from  the  diagonal  force  held,  numerical  experiments 
were  carried  out  by  varying  the  off  diagonal  constants  within  meaningful  limits. 
Whereas  for  set  Ila,  the  fit  between  observed  and  computed  <?2>*F,  • • • F3  could 
be  improved,  for  set  lib  the  large  discrepancy  in  <<?2>+F3  • • • F4  could  not  be 
eliminated. 

In  summary,  set  Ila  is  the  only  assignment  which  can  satisfy  both  the 
observed  [13]  mean  square  amplitudes  of  vibration  and  basic  force  field  arguments. 
Furthermore,  the  mean  square  amplitudes  of  vibration  suggest  that  for  SF4  the 
higher  frequency  Aj  deformational  mode  v3  should  be  assigned  to  the  equatorial 
scissoring  motion.  However,  a normal  coordinate  description  of  v3  and  v4  as 
symmetric  and  antisymmetric  combinations,  respectively,  of  the  equatorial  and 
axial  scissoring  motions  seems  more  appropriate. 
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ABSTRACT 


A selective  review  of  the  presently  known  binary  chlorine  -,  bromine  and 
iodine  - fluorides  is  given.  Tbeir  syntheses,  physical  and  chemical  proper 
and  structures  are  discussed.  Tbeir  tendencies  to  form  adducts  with  Lewis 
and  bases  are  compared,  and  the  structures  and  relative  stabilities  of  the 
resulting  halogen  fluoride  ionc  are  summarized.  Force  constant  datu  are  used 
to  demonstrate  the  occurrence  of  two  types  of  bonding  (semi-ionic  and  mainly 
covalent)  in  this  class  of  compounds  and  a new  rule  (described  as  rule  111  in 
the  text)  is  given  which  allows  their  prediction  and  rationalization. 

INTRODUCTION 

This  review  deals  with  selected  aspects  of  halogen  fluoride  chemistry  which  are 
of  particular  interest  to  the  author.  No  attempt  was  made  to  give  a complete 
coverage  of  all  the  data  published  on  halogen  fluorides  since  it  would  be 
beyond  the  scope  of  this  short  article.  The  cited  references  are  those  which 
were  most  convenient  and,  therefore,  do  not  imply  any  priorities.  The  literature 
published  until  the  end  of  1964  has  been  summarized  in  an  excellent  review  by 
Stein  (1)  who  also  lists  the  previously  published  reviews.  Some  of  the  more 
recent  data  have  been  discussed  by  Meinert  (2),  Lawless  and  Smith  (3),  Popov  (4), 
and  Schmeisser  and  Naumann  (5).  A recent  review  by  Gillespie  and  Morton  (u) 
deals  exclusively  vitb  interhalogen  cations. 

Whereas  the  last  halogen  fluoride  molecule  was  discovered  in  1962,  a large 
number  of  halogen  fluoride  ions  has  been  discovered  since  then  and  theii 
structures  have  been  established.  Essentially  all  of  the  possible  binary  halogen 
fluoride  molecules  and  ions  have  now  been  synthesized  and  characterized.  Owing 
to  the  large  number  of  possible  oxidation  states,  coordination  numbers,  and 
sterically  active  free  valence  electron  pairs,  this  family  of  compounds  is  of 
particular  interest  from  a structural  point  of  view. 

HALOGEN  FLUORIDE  MOLECULES 
w 

Table  I lists  the  presently  known  halogen  fluorides  including  tbe  year  of  tbeir 
discovery.  As  can  be  seen,  all  tbe  compounds  expected  to  exist  were  synthesized 
before  1963  and  tbeir  properties  have  been  summarized  (l,T)  previously.  Tbe 
fact  that  the  heptaf luoride  of  chlorine  does  not  exist  (8)  can  be  explained  by 
•teric  arguments  (maximum  coordination  number  of  6 for  +VII  chlorine). 
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Tabic  I.  Known  Halogen  Fluoride  Molecules 


Oxidation  State 
of  Central  Atom 


+1 

S"  -100°C 
Buff  (1928) 

BrF 

~ + 20° 

Buff  (1933) 

IF 

Unstable 

Schmcisser  (i960) 

+III 

ClFg 

BrFg 

^3 

+12° 

Buff  (1930) 

+126° 

LEBEAU,  Prideaux  (1905) 

Unstable 

Schaeisser  (i960) 

+v 

cif5 

BrF5 

»5 

-14° 

Maya  (1962) 

+41° 

Buff  (1931) 

+98° 

Gore  (1871) 

+VII 

5? 

Buff  (1930) 

General  Synthetic  Methods 

A.  Direct  Fluorination  vith  Fluorine 

All  of  the  halogen  fluoride*  listed  in  Table  I can  be  synthesized  directly  from 
the  elements.  Variation  of  the  reaction  parameters,  such  as  stoichiometry  of 
the  reactants  and  reaction  time  and  pressure,  will  determine  the  composition  of 
the  product. 


' *2  + *T2  2»n 

This  ease  of  syntbeai.t  also  explains  why  most  of  these  halogen  fluorides  had 
been  synthesized  more  than  30  years  ago.  Only  the  thermal  instability  of  IF 
and  IF„  and  the  lack  of  low-temperature  techniques  pre-empted  the  earlier 
discovery  of  IF  and  IF  . The  late  discovery  of  C1FB  in  1002  (9)  may  be  ex- 
plained by  the  fact  that  \ts  synthesis  from  the  elements  requires  both  high 
temperature  and  high  pressure. 

Fluorinations  requiring  elevated  temperature  appear  to  be  catalyzed  by  the 
presence  of  Lewis  bases  such  as  CsF*  For  example,  the  fluorination  of  ClF„ 
to  ClF.  in  the  presence  of  CsF  involves  the  formation  of  Cs+  C1F  ~ as  an 
intermediate  and  proceeds  already  at  150°  (7).  Whereas  numerous  examples  are 
known  where  the  presence  of  complex  fluoro  onions  facilitate  oxidative 
fluorinations,  the  contrary  appears  to  be  true  for  complex  fluoro  cations  (10). 

B.  Fluorinations  Involving  Nonmetal  Fluorides 

Since  iodine  fluorides  are  relatively  mild  fluorinating  agents,  they  can  be 
readily  prepared  by  fluorination  of  I.,  iodides,  or  I„0_  with  nonmetal 
fluoridaa  such  as  ClF,,  BrF,,  BuF, , of  SF.  (1),  QF„  (flj,  or  3F«0F(12). 

The  latter  can  also  be  used J to  fluorinate'Br^  to  BrF^(12). 
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C.  Conproportionation  Reaction! 

Thi«  reaction  is  particularly  useful  for  the  syntheses  of  the  halogen  sono- 
fluorides  (l>  5)  according  tot 

X2  + XF3  — — - 3XP 

All  three  halogen  moncfluorides  can  he  obtained  in  this  Manner. 

D.  Fluorinations  with  Metal  Fluorides 

Fluorinations  involving  metal  fluorides  are  useful  for  producing  all  three 
halogen  aooo fluorides.  Since  Br?  and  IF  readily  disproportionate  to  BrF-  and 
IF.,  respectively,  the  latter  coapounds  can  also  be  prepared  in  this  fashion. 
Typical  examples  for  this  type  of  reactions  involve  oitber  AgF(l,  13), 

AgF  + I2 -Agl  + IF  ( 2I2  + IF6) 

AgF  + Br2 AgBr  + BrF  ( Br2  + BrFj) 

AgF  + Cl2— • — AgCl  + C1F 

or  eutectic  Belts  (13), 

LiF  - KaF  - KF  + Cl2  MeCl  + C1F 

HeCl  + HF  - --  ■ — HeF  + HC1 


HF  + Cl2 - C1F  + BCi 

or  pseudohalides,  such  as  ClQSOgF  (14), 

QrtO 

CaF  + CIOSO^F — CsSOgF  + C1F 

The  use  of  eutectic  Melts  is  interesting  since  the  alkali  BMtal  chloride  product 
ean  be  reconverted  to  the  fluoride  by  HF,  thus  allowing  the  production  of  GIF 
from  Cl2  and  HF.  The  last  Method  employing  C10S0_F  is  reswrkable  because  it 
proceeds  already  at  such  a low  tenperature. 

E i -gfegislatlt 

The  photolysis  of  the  Cl-  -f.,,  chlorine  fluoride  -F2,  or  chlorine  oxyfluoride  -F2 
systems  can  be  u.  *d  for  preparing  ClF,  C1F_.  and  ClFfi  (15  - 18).  The  photo- 
lytic  synthesis  fro*  the  eleaents  parallels  the  thermal  one  (method  A).  Both 
methods  aeem  to  involve  so  the  initiation  step,  the  generation  of  F atoms  from 
F-,  but  in  one  case  the  F atoms  art  generated  thermally  and  in  the  other  case 
pGotolyti cal ly.  Whereas  low  tenperature  photolysis  of  matrix  isolated  specie# 
oaa  be  used  for  structural  studies,  it  is  of  do  importance  as  a synthetic 
Method  for  tbs  production  of  significant  amounts  of  material. 


Chlorine  fluoride*  ere  uiually  synthesized  fron  Cl„  end  F,  end  F„  ig  eede  by 
electrolysis*  Therefore,  the-  direct  electrochenicffl  synthesis  of  C1F,  ClFg, 
end  C1F.  froa  Cl.  is  en hydrous  HF  vas  studied  (19,  20).  It  ves  shown  for 
«xaapl*athat  C1FT  can  be  foraed  froa  C1F,  with  current  yields  of  up  to  60jt 
(19)  sod  froa  Cl.  vi+b  current  yields  of  up  to  18)(  (20).  In  the  latter  esse, 
C1F  is  the  vein  product  and  substantial  amounts  of  CIF^  are  also  produced. 

G.  Glow  Discharge 

The  original  discovery  of  C1F.  by  Maya  in  1962  involved  the  us*  of  glow  dis- 
charge (9).  Since  Bore  convenient  syntheses  are  available  for  producing  all 
of  the  known  halogen  fluorides,  apparently  few  further  atteapt*  have  been 
Bade  to  exploit  this  experimental  approach.  For  exaaple,  an  unsuccessful 
atteapt  by  Meinert  (18)  to  produce  jic  chloride  fluoride  froaXe,  Cl, , and 
F-  resulted  in  ClF,  and  ClF.  foraation. 

* w 5 

H.  Fluorinations  with  PtFp  and  Kr_Fj~f 

Inspite  of  the  nonexistence  of  C1F?  and  BrF,,  the  heptavalent  C1F.+  and  BrF„+ 
cations  were  successfully  synthesised  (8,  21-23).  These  cations  ire  acre 
powerful 
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2C1 ra  + iiPtiF^ C1F4+  PtFfl~  + C1F6+  PtF0" 

teF5  + *£r2F3+ShV -BrP6+ShF8'  + “r  + F2 

oxidizers  than  F,  and  hence  cannot  be  prepared  froa  F„-  In  the  case  of  C1F,+ 
(8,  21,  22),  PtFT  wag  used  as  the  oxidizing  fluorinator.  Since  PtFfl  does  not 
oxidize  BrF.  to  BrF.  , even  v£en  exposed  to  unfiltered  uv  radiation  (10) , «uji 
even  *trone?r  oxidizer,  Kr_F,  ShF  ”,  was  required  for  to*  synthesis  of  BrF. 
(23).  Gbviouily , the  synthesis  of  such  powerful  oxidizers  is  very  unusual, 
difficult,  and  challenging. 
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The  physical  properties  of  the  halogen  fluoride  aolecules  have  previously  been 
suaaarised  (l,  6,  7)  and  hence,  require  only  little  further  discussion.  Owing 
to  association  in  the  liquid  and  solid  state,  the  volatilities  of  C1F , BrF, 
BrF,,  IF,  IF.,  and  IF,  (see  Table  I)  are  significantly  lover  than  one  night 
expect  froa  their  Mlecular  weights.  Through  foraation  of  fluorine  bridges, 
these  halogen  fluorides  achieve  aore  favorable  coordination  nuabers  by  diner  or 
polyner  foraation  as  shown  in  Figure  1 for  BrF,  (24,  2fi).  Spectroscopic  evi- 
dence- for  association  was  also  obtained  for  IFg  (26)  and  XFfi  (27). 
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figure  1.  Association  of 

through  fluorine  bride** 


A*  a further  coneoquenc*  of  their  unfavorable  coordination  nuabers,  BrF,  IF, 

and  IF,  tend  to  dr (proportionate  according  tot 
0 

3 BrF  Br2  * BrF^ 

5 jp If8  ♦ 2Ig 

8 IF3 3IF6  ♦ I2 

Unlike  BrF  and  IF,  GIF  above  little  tendency  to  aaaociate  or  disproportionate 
but  inatoad  exhibits  partial  double  bond  character  which  Mgr  be  deeoribed  by 


the  fallowing  nesontric 

structures! 

iCl  - FI— 

— — ici  - 1 

“exp.  " -0*8® 

5+  «- 

(-)  (*) 

Cl  - F 

6-6* 

Tboae  atructuraa  were  proposed  in  1957  by  Goubeau  (28)  and  recent  aeaaureaenta 
of  the  direction  of  the  dipole  awaaent  in  C1F  (29)  indeed  eenfirn  thia  view. 


It  wea  above  that  iil, j_  ■ -0.88D.  The  snail  aiae  of  the  overall  dipole  noiaent 
ia  due  to  the  oppoaltl  direction  of  thia  aoaent  in  the  two  aeaasnric  atructuraa. 
The  obaerved  direction  of  the  dipole  awaent  in  Clf  with  F being  the  positive 
end  is  surprising,  particularly  in  viav  of  the  reaction  chemistry  of  C1F.  Tbs 
fact  that  Cl  acta  In  all  known  C1F  reactions  as  positive  chlorine  nay  he 
explained  by  the  relatively  aiaall  net  dipole  no— nt  and  by  the  polarizability 
of  chlorine  being  larger  than  that  of  fluorinj. 

All  of  the  halogen  floor idea  can  ha  handled  safely  and  are  not  shook  sensitive. 
The  chlorine  and  broniae  fluorides  are  Much  stronger  oxidising  fluertnatora 
than  the  iodine  fluorides  and,  therefore,  differ  narked ly  frost  these  ia  their 
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reaction  chemistry.  Owing  to  their  high  reactivity  with  water,  fuels,  and 
organic  compound*,  chlorine  and  br Paine  fluoride*  are  beat  handled  in  wall 
pa* a i voted  metel-ieflon  vocra  ayatoaa.  Exposure  of  chlorine  fluoride*  to 
excaaa  water  should  be  avoided  ainc*  it  raaulto  in  the  fonsation  of  ahock 
sensitive  cblorina  oxides  (SO,  31). 


One  of  the  Most  significant  characteristics  of  halogen  fluoride*  is  their 
anpheteric  nature t i.e . , their  ability  to  act  as  a baa*  toward*  strong  Lewis 
acids  and  as  an  acid  towards  strong  bases.  These  interactions  result  in  the 
fo nation  of  complex  fluoro  cations  and  anions,  respectively,  according  toj 


He*  X F 


+Ievi  s base 


+L«vi*  acid 


This  aapboteric  nature  was  first  recepkiaed  by  Woolf  and  Baelsus  (32).  Sisco 
BrF,  shows  a relatively  high  specific  conductance  of  8 x 10*'3  otea  -1cn-1  (33), 
sslxionisstion  was  postulated  for  BrF^  according  toi 

2BrF3  LrF2+  HrF4" 

Whereas  this  assuaption  is  certainly  correct  for  BrF,  (kosping  in  Bind  that 
the  conductance  of  BrF,  is  strongly  enhanced  by  aggregation  of  BrF,  in  tbs 
liquid  phase,  thus  requiring  only  the  migration  of  an  olaotric  charge  instead 
of  tb*  ion  itself),  the  ability  of  the  remaining  halogen  fluorides  to  for* 
complex  fluoro  ions  has  generally  been  construed  as  a cbaaical  proof  for  their 
self ionisation.  This  concept  is  grossly  incorrect  since  the  specific  conduc- 
tances reported  for  tbs  other  halogen  fluorides  are  quite  low  and  often  were 
tb*  lower  limits  of  to*  experimental  equipment.  In  addition,  it  should  be 
kept  in  nind  how  difficult  it  is  to  obtain  and  retain  these  extremely  reactive 
materials  in  a pur*  state.  Therefore,  the  halogen  fluoride  molecules,  with 
the  exception  cf  BrF.,  are  bast  considered  as  essentially  undissociated 
molecules.  Tbis  misconception  concerning  the  self  ionisation  of  halonn 
fluorides  has  also  been  criticised  recently  by  He  inert  and  Gross  (34). 


Beaction  Chemistry 

Halogen  Monofluoride  Reaction 


In  addition  to  reactions  in  which  halogen  monofluoridss  act  as  simple  fluori- 
nating  agent*  (l),  the  following  types  of  reactions  are  possible. 


Halogen  monofluorides  can  readily  be  added  to  C*C  double  bonds i 


\ ✓ 

C - C + XF- 

/ \ 


\ t 

• X - c - c - 
/ \ 


In  tb*  oas*  of  BrF  and  IF,  tbs  halogen  monofluoridss  can  be  substituted  by 
systems  such  as  N-tromo  compounds  + HF  (33),  Br^  + A#,  or  1^  + AgF  (30), 
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or  2I_  4 17.  (37  - 39),  respectively,  without  changing  tho  nature  of  the  addi- 
tion product#  (40). 

Tho  addition  of  X7  to  miltiple  bond*  it  by  no  miens  limited  to  C«C  bonds. 
Typical  examples  for  other  mltiple  bonds  ore  N£S  (41),  (42  , 43)  o ad  C^> 

(44,  46)  os  dsaonstrotod  by  the  following  equation# : 

M|  S7S  4 SCI 7 — ■ CljKSPg 

SOj  4 C17 ClOSOjT 

87.0  4 C17 — 87.0C1 

4 6 

ocf2  4 cir  — — — ■ cf3oci 

B._HT  Elimination  factions 

Sines  the  elimination  of  HF  is  usually  highly  exothermic,  this  type  of  reactions 
are  often  violent  and  require  careful  control  of  the  reaction  conditions.  With 
hydroxyl  groups  the  following  reactions  (30,  31)  wore  observed: 

BQM02  4 C17 HF  4 ClONOg 

BOH  4 SC  17  - — 2HF  4 C120 

It  should  be  kapt  in  mind,  however,  that  the  products  in  these  reactions  vary 
depending  on  which  starting  notorial  is  used  la  excess  and  on  the  exact  r a act ion 
conditions  (30,  31). 

The  HP  elimination  reactions  are  not  1 lad  ted  to  hydroxyl  groups  as  was  demon- 
strated (43)  for  Hff2i 

«P2  4 CUP HP  4 NPjCl 

Generally,  C17  acta  aa  a fluoriaating  agent,  however,  instances  are  known  in 
which  it  can  behave  as  a chlorofluorinating  agent  (47,  48,  1): 

SF4  4 C17 — S7gCl 

C73IC12  4 C17  CJFgFC1^ 

CO  4 C17  C0FC1 

P.  Oxidative  Pluorlaaticns 

Many  reactions  art  known  (l)  in  which  C17  acts  as  a'fluorinating  agent.  It  has 
recently  bean  sham  (49)  that  strong  Lewis  acids,  such  os  AaFfi,  con  strongly 
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enhance  the  f luorinating  power  of  C1F.  Thu*,  C1F  alone  does  not  fluorinate 
xenon.  Bowrtr,  upon  addition  of  AsF.  the  following  reaction  takea  place 
involving  the  formation  of  ClgFAsFg-  (60)  aa  an  into  mediate! 

Xe  * 2C1F XeF+AaFfl~  + Cl2 


Ei  Disproportionation  Reactione 

The  tendency  of  halogen  nonofluorides  to  disproportionate  bae  been  diecuaaed 
above  and*  hence,  ie  not  reiterated* 

Reactione  of  Hiirber  Valent  Halogen  Fluorides 

Since  the  higher  valent  chlorine  and  bromine  fluorides  are  relatively  powerful 
fluoriaators  and  are  easier  to  handle  than  F„,  they  can  be  used  for  the  pre- 
paration of  metal  fluorides  or  oxyfluoridos  f l) . However,  owing  to  their 
high  reactivity,  the  reaction  chemistry  of  the  chlorine  and  bromine  fluorides 
shows  less  variation  than  that  of  the  corresponding  iodine  fluorides.  Few 
systematic  studies  of  chlorine  fluoride  reactions  with  non-metal  compounds 
have  been  reported.  These  include  reactions  with  hydroxyl  functions  (30,  31) 
and  HHF.  (48).  The  reaction  of  excess  C1F,  with  BONO,  is  of  interest,  since 
FClOg  and  Cl?  were  the  observed  products  (31)  and  notTCIO  as  one  might  expect. 

2ci?3  ♦ 2HOMOa  — — shf  + rcioa  + cir  aao^ 

This  observation  is  in  excellent  agreement  with  the  recently  reported  evidence 
for  an  unstable  PC  10  intermediate  in  the  hydrolyeia  of  C1F.  in  a flow  system 
(51) , resulting  in  its  disproportionation  into  FClOg  and  C1F. 

The  hydrolysis  of  CIF,  cannot  be  carried  out  step-wise  to  yield  CIF.O  (31) 
but  yields  PC  10.  as  tns  only  product  indicating  that  C1F,Q  hydrolysis  much 
faster  than  C1FT.  However,  the  statement  in  a previous  review  (2)  that  C1F& 
interacts  only  slowly  with  water  ie  clearly  incorrect.  Chlorine  trifluoride 
can  alsc  be  used  to  convert  a peri luorinated  alcohol  (52)  or  C0F2  (53)  to 
the  corresponding  peroxides! 

2(CF3)3C0H  ♦ ClFa— — . (CF3)3C00C(CFa)g  + 2HF  ♦ C1F 

2C0F2  + C1FS  — CFjOOCFg 

Whereas  CIF.  and  CIF.  are  powerful  oxidinere,  a few  cases  have  been  reported 
in  which  they  can  act  as  reducing  agents  towards  stronger  oxidisers,  such  as 
XeO  F.  (54),  KrF  (55)  or  PtF.  (8,  21,  22).  In  the  first  oase,  both  CIF.  and 
CIF?  are  oxidised  to  FC10-.  With  XrF_,  CIF.  is  oxidised  to  C1F-,  and  PtT. 
can6oxidiae  Cl*8  to  ClFg"  2 3 5 8 

Host  of  the  known  reaction  chemistry  of  BrF-  and  BrF.  has  previously  (l)  boon 
reviewed.  BrF.  is  rslativsly  inert  towards  strong  oxidisers  sod,  therefore, 
can  bo  used  as°a  solvent  for  reactione  involving  strong  oxidisers  such  as  PtFg. 
It  also  forms  at  low  temperature  a very  unstable  adduct  with  pyridine  and  can” 
be  dissolved  in  oold  CH^CK  (58).  It  alto  -interacts  with  SOj  (57)  yielding 
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BrF,_  (OSO^F)  type  product*  the  structures  o f which  hsve  not  been  unam- 
biguously established-  The  formation  of  ill  defined  products  parallels  that 
observed  for  the  IF,  - SO,  eyaten,  which  also  involves  the  formation  of 
OalFgOSOgF  typ«  compounds'1  (58). 

Iodine  trifluoride  forms  numerous  adduct*  with  N-  containing  bases  such  as 
pyridine.  For  tbe  IFg-Py  adduct, the  ionic  structure  [IF^Py,]  * [IT,]-  was 
suggested  (6).  Since'tbe  IF  group  is  only  a relatively  weak  fluorinator, 
it  is  possible  to  synthesise  substituted  iodine  fluoridee.  Typical  exenple* 
are  trif luoroacetato  (59) , pjrf luoro-alkyl  (80-63) , and  metboxy  (84)  groups! 

ff3  + 3 (CF3C0)2)  l(°2CCF3)3  + 3CFaC0F 


4F2,  CIS,,  BrF,, 


BfI  or  BrF5 


Bfff2 


»5  + (CH3)3Si0CH3 »4«afe  + <cV38iF 

Iodine  pentaf luoride  exhibits  a property  rather  unique  for  halogen  fluorides. 

It  forma  molecular  adducts  with  compounds  such  as  XeF„(65  - 67)  and  XcF,  (68, 
68).  It  also  forms  a 2:1  adduct  with  CsXF  (69)  wgicn  bad  been  responsible  for 
much  of  tbe  confusion  concerning  the  spectra  of  Cs  IF"  (70  - 73).  However, 
the  sxact  structure  of  CsIFe'2IIg  has  as  yet  not  been  established. 

Bwsffl  mmm.  ions 


As  a consequence  of  the  above  discussed  amphoteric  nature-  of  the  halogen 
fluoride  molecules,  a large  number  of  simple  and  novel  ions  were  discovered 
and  characterised.  Since  the  main  progress  in  halogen  fluoride  chemistry 
during  recent  years  has  been  in  this  area,  a more  detailed  discussion  will 
b*  given  in  tbe  following  paragraphs.  Tbe  syntheses  of  most  of  these  ions 
are  simple  and  involve  the  combination  of  tbe  corresponding  halogen  fluoride 
molecules  with  either  s Levis  acid  or  a Levi*  base.  However,  the  syntheses 
of  C1F.  and  BrF,  turned  out  to  be  a great  challenge  (see  above)  since  tbe 
corresponding  parent  molecules,  C1F7  and  BrF^,  are  unknown. 

Table  II  sumaariaea  tbe  possibly  existing  and  presently  known  binary  halogen 
fluoride  ion*  together  with  their  first  syntheses.  As  can  be  aeenjsll  ions 
are  know  (g,  21  - 23  . 32,  60,  74  - 90)  with  tbe  exception  of  C1F.“,  C1F  ”, 
BrFg”,  Br^F  , and  LjF  . Ths  C1F,”  an  inn  and  CIF^  were  shown  (79,  8)  not°to 
exist.  This  is  probably  due  to  tbe  fact  that  for  these  bigb  oxidation  state 
centralists**  the  asr iaius  coordination  number  is  limited  to_*ix.  Tbe  existence 
of  Of-  and  tbe  nonexistence  of  C1F,  suggest  that  in  C1F,”  tbe  free  Cl 
valence  electron  pair  is  *e  sums  extent  sterically  active.0  The  limiting  coor- 
dination number  is  also  a plausible  argument  for  tbe  n coexists  of  BrF  ”. 

There  is  no  compelling  reason  why  Br^F*  and  l^F*  should  not  exist.  The  Ivk 
of  their  discovery  can  be  aecribed  to  experimental  difficulties  in  preparing 
and  handling  tbe  unstable  parent  compounds,  BrF  and  IF,  respectively. 
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Table  IX.  Halogen  Fluoride  long.  Compound*  listed  in 
bracket*  do  not  exiet,  thoa*  in  parentheses  may  exist 
but  hav*  not  as  yet  been  prepared. 


i 

i 


t 

\ 

\ 


i 

i 

f 


C1JP+ 

Chrlete,  Savodny  (1669) 

C1F 

ClF  " 

Christ*,  Guertin  (1665) 

C1F„+ 

Dal*  (1980) 

cif3 

ClF  " 

Asprey  et  al  (1961) 

cir.+ 

Christa,  Filipovich  (1667) 

C1I8 

[«V] 

cir,+ 

Boberto,  Christa  (1672) 

[C1F7] 

[C1F8“] 

(BTjF*) 

BrF 

BrF  * 

Surles  et  al  (1873) 

BrF„* 

Woolf , Baeleus  (1646) 

BrF3 

BrF  “ 

Sharpe,  Bats  leu*  (1648) 

BrF  ^ 

SciJUisser,  Passer  (1987) 

BrF6 

BrF  * 

Muettsrtie*  (1961) 

BrF* 

Scbrobilgen,  Gillespie  (1673) 

[BrF?] 

[BrF8*] 

(y*) 

IF 

Heine rt,  Blass  (1665) 

(IT*) 

Scbikeisser,  Ludovici  (1968) 

^3 

IF  * 

Hargreaves,  Peacock  (i960; 

IF* 

Woolf  (1680) 

ff8 

IF  * 

Eneleua,  Sbarpe  (1649) 

rt* 

Seel,  Detaer  (1888) 

Adfisu,  Bartlett  (lB72) 

Relative  Stability  of  Halogen  fluoride  Ions 

; For  a given  halogen  fluoride,  its  tendency  to  fora  adducts  vitb  different  Levis 

j acids  or  base*  decreases  vitb  a decrease  of  their  acid  or  base  strength, 

respectively.  Tims,  the  conaoaly  used  Levis  acids  and  bases  can  be  arranged 
in  the  folloving  order  of  decreasing  strength)  acids,  SB,  > AeF.  > HF,  > 

FT.  > HF  > 8 IF.  bases,  C*F  > BbF  > K5F  > KNO  > FN0„.  Considering  the  relative 
stability  of  tie  products  fonsed,  SbFj  it  the  no*t  attractive  Levis  acid. 
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Unfortunately,  it  baj  i«nr<l  drawbacks.  It  tends  to  fora  polyanions  of  tha 
t, JV*  SbgPj,-,  SbgF..-,  ate.,  aad  baa  a relatival y high  Belting  point  of  7°. 

The  latter  often  require  a the  use  of  a solvent  such  as  HF  to  provide  a cobod 
liquid  phase  for  reactions  involving  low  boiling  halogen  fluorides.  Similarly, 
IUO  and  FNO.  are  suitable  for  quantitative  low-tenpernture  c<*plexing  but  tha 
products  lack  the  stability  of  the  alkali  metal  salts. 

Based  on  the  conclusions  from  tha  preceding  paragraph,  one  would  predict  that 
the  relative  stabilities  of  adducts  formed  by  a given  Lewis  acid  or  base  with 
different  halogen  fluorides  is  a function  of  the  acid  strength  of  the  cor- 
responding halogen  fluorides.  Thus,  a relatively  acidic  halogen  fluoride 
should  tend  to  form  adducts  with  bases  but  to  a much  lesser  degree  with  acids. 
Inspection  of  the  relative  stabilities  of  adducts  of  numerous  halogen  fluorides 
aad  oxyf luoridss,  however,  showed  (91)  that  this  prediction  is  incorrect.  Tbs 
dominating  factor  governing  the  stability  appears  to  be  the  structures  of  the 
parent  molecules  compared  to  those  of  the  ions  formed.  Favored  structures  are 
either  pseudo-tetrahedral  or  pseudo-octahedral.  Thus,  pseudo-trigonal  bi- 
py rani  dal  molecules,  such  ns  the  halogen  trifluorides,  show  a pronounced 
tendency  to  form  either  pseudo-tetrahedral  XF,,  cations  or  pseudo-octahedral 
JT.  anions.  On  tbs  other  hand,  pseudo-octahedral  pentafluorides  show  little 
tendency  to  form  trigonal  bipyramidal  XF  or  pentagonal  bipyramidal  XF^". 
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STRUCTURAL  RELATIONS  AND  BONDING 
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Figure  2 shows  a scheme  of  the  structures  encountered  for  halogen  fluoride 
molecules  and  ions.  More  recent  results  not  covered  by  previous  reviews 
(1  - 6)  include  X-ray  diffraction  data  for  ClF.ShF  ” (82).  CIF.  AsF  ' (1*3), 
BrP  sbgF.j  (®4),  BrF.~  (#5),  and  IF.  SbF  ” (86,  By),  nicirowav*  and  electron 
diffracZiSfi  data  for  BrF.  aad  IF.  (66-100),  electron  diffraction  data  for 
IF  (101),  vibrational  spectra  tir  C1F.  (102),  C1F.  (103),.C1F,  (24,  104), 
(8),  BrFj”  (80),  BrFg  (24,  28,  104)  BrF^  (log),  BrF4  (101,  106), 
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Figure  2.  Structure  of  the  halogen  fluoride  aoledule*  and 
io&s*  Hainly  covalent  £tvo  electron)  bond*  »re  draim  with 
heavier  lines.  For  XFfi  nod  XFg"  sufficient  data  are 
not  yet  available.  Thi  two  shofter  bends  in  IT,  are 
priaarily  due  to  liquid  repulsion  effects. 
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BrF,  (85), 
mndTIF,  ' 
IF, 


IT, 


IF, 


u,  (26),  IF.  (107),  Jf.  (102),  **-,  \^-it 
F (27,  110),  Mo« ssEauer  data  fSr  IF  and  IF.  (ill), 
(lOe),  C1F.  (112),  and  numerous  chlorine  fluoride  i 


(68),  IF  (27,  108,  109) 
nar  spectra  for 
iona  (113),  a 


‘ aionixation  study  of  C1F  (114),  force  fields  (115,  116)  and  mean 
anplitudes  of  vibration  (117)  of  C1F-,  BrF.,  and  IF.,  and  mass  spectra  of 
GIF  (118)  and  IF7  and  IFgO  (118).  00 


As  cna  be  seen  f rots  Figure  2,  the  structures  are  simple  and  can  be  logically 
predicted  if  one  keeps  in  mind  that  free  valence  electron  pairs  on  the  central 
atom  are  sterically  active  and  behave  as  a ligand-  For  4,  5,  6,  7,  and  8 
ligands  always  .the  sterically  aost  favorable  arrangements  are  observed,  i.e., 
the  tetrahedron,  trigonal  bipyramid,  octahedron,  puckered  pentagonal  bi- 
pyramid  and  the  square  antiprism,  respectively.  The  only  jossible  exception 
to  the  concept  of  localised  free  valence  electron  pairs  may  be  BrF,  ” which 
contrary  to  IF,”  (68)  appears  to  possess  a symmetry  center  (85).  A probable 
explanation  for  this  behavior  assumes  room  for  only  six  localized  ligands 
and  a fluxional  free  electron  pair  which  in  a pseudo  John  Teller  effect  cauaes 
a dynamic  distortion  of  the  octahedron.  This  structural  problem  resembles 
that  encountered  with  XeF, . I L appears  that  tba  XeFQ  structure  is  inter- 
mediate between  those  of  the  BrF,  and  IF,  ions.  Since  single  crystals  of 
BrF,”  and  IF,”  salts  could  be  prepared,  determination  of  their  crystal  struc- 
tures would  oe  very  rewarding  (69). 


Primary  Effects.  The  Three  Basic  Rules 

More  details  about  the  structures  shown  in  Figure  2,  about  the  positions  oc- 
cupied by  the  free  valence  electron  pairs,  and  about  the  relative  bond  strengths 
can  be  derived  from  consideration  of  the  following  set  of  three  main  rules. 
Secondary  effects,  such  as  the  influence  of  formal  positive  (in  cations)  or 
formal  negative  (in  anions)  charges,  and  of  the  oxidation  state  of  the  central 
atom,  will  be  discussed  in  a separate  paragraph. 

(i)  For  trigonal  and  pentagonal  bipyramids , the  hard  epbere  model  results  in 
different  bond  lengths  for  the  equatorial  and  axial  ligands. 

(ll)  Free  valence  electron  pairs  ou  the  central  atom  are  sterically  active, 
i.e.,  localised.  They  are  more  diffuse  than  the  orbitals  of  an  X-F  bond,  thus 
causing  increased  repulsion  from  the  free  pairs  and  slight  distortion  from  the 
ideal  geossetries. 

(ill)  Tba  free  valence  electron  pairs  on  the  central  atom  seek  high  s -character) 
i.e.,  sp“  hybridisation.  If  the  number  of  ligands  is  larger  than  4 and  one  or 
more  of  them  are  free  valence  electron  pairs,  then  as  many  F ligands  form 
linsar  semi-ionic  3 center  -4  electron  bonds  as  are  required  to  allow  the  free 
electron  pairs  to  form  an  sp°  hybrid  with  the  remaining  F lignads.  These  eemi- 
iourc  3c  - 4e  bonds  are  considtrably  weaker  and  longer  than  the  mainly  "covalent" 
sfx  hybrid  bonds. 


Rules  I and  II  are  based  on  tyyfaolm  and  Gillespie’s  valence  shell  electron 
pair  repulsion  (VSEffi)  theory  (120).  Rule  III  is  an  extension  of  I and  II 
required  to  account  for  the  great  differences  is  bond  strength  encountered  for 
these  compounds  (see  below). 
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ffr-.-plft.  for  the  Baeic  Rules 

The  following  examples  are  given  to  illustrate  rulee  1 to  III • 

Buie  I:  In  ff.,  the  axial  ligands  have  three  neighbor!  »t  right  angles, 
vhereei  the  equatorial  one  a have  only  two . Therefore,  the  axial  1 ^ gend.! 
are  repelled  nore  atrongly  resulting  in  an  increaied  (by  0.04A  (121)) 
bond  length.  The  taae  logic  appliee  to  IT..  The  crowding  of  5 ligandi 
in  the  baee  of  the  pentagonal  bipyraaid  causes  an  average  7.5°  ring 
puckering,  a 4.5°  axial  bend  displacement,  and  the  axial  bonds  to  be 
shorter  by  0.071  than  the  equatorial  ones  (101).  However,  theee  two 
configurations,  i.e.,  the  trigonal  and  pentagonal  bipyranids,  are  quite 
distinct  from  the  tetrahedron  and  octahedron,  in  which  all  positions  ore 
equivalent  and,  therefore,  should,  in  the  absence  of  other  factors,  result 
in  identical  bond  lengths* 

Buie  lit  The  increased  repulsion  fron  free  pairs  is  shown  for  C1F3  (122) 
in  rigors  3.  The  F^CIF  bond  angle  deviates  by 


/V”' 

F 


Figure  3.  Distortion  of  C1F,  froa  an 
ideal  pseudo-trigonal  bipyranidal  con- 
figuration by  increased  repulsion  froa 
the  free  valence  electron  pairs. 


about  3°  froa  that  expected  for  an  ideal  trigonal  bipyranid,  and  the  axial 
C1F  bonds  are  0.10  A longer  then  the  equatorial  one.  Obviously,  there  are 
two  consequences  froa  increased  repulsion.  The  first  one  is  a decrease  in 
th<-  K,.nA  angle  formed  by  the  neighboring  ligands  and  the  central  atom,  and 
the  second  one  is  an  increase  in  the  wood  lengths  of  the  neighboring  XF 
bonds.  If  the  neighboring  FXF  bond  angle  is  significantly  larger  than  00  , 
the  change  in  bond  angle  will  be  nore  pronounced  than  the  change  in  bond 
lengths. 

Buie  III:  The  principle  of  a eeni-ionic  3c-4e  bond  (123  - 12b)  is  demon- 
strated in  Figure  4 for  a simple  species,  such  asClF  " (74  - 76).  Ideally, 
the  two  F-ligands  fora  two  seni-ionic  3c  -4e  [p-pJC*  oonds  with  one  p 
electron  pair  of  the  chlorine  central  aton,  while  the  free  Cl  valence 
electron  pairs  for*  an  sp*  hybrid. 


Figure  4.  The  schematic  bonding  in  C1F2 
as  explained  by  a seau— ionic  3c  4e  bond 
nodol 
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Instead  of  using  this  semi— oapirical  aulecular  orbital  mode  1 , the  bonding  in 
C1F„~  can  also  adequately  be  described  in  the  valcncc-bond  representation  (126) 
as  8 resonance  hybrid  of  the  following  canonical  formas  (F-Cl)  F“  and  F"(C1-f). 
This  results  in  the  same  average  charge  distribution  ag  in  the  molecular  orbital 
model t i -a. , “V2F-C1-fV2.  a third  and  the  most  simple  bond  model,  proposed 
by  Bilbzm  and  Linuett  (127)  for  XeF.  which  is  pseudo-isoelectronic  with  ClFg”, 
assumes  single  electron  bonds  for  each  X-F  bond.  It  is  relatively  inaaterial, 
which  of  these  three  descriptions  is  preferred  since  all  of  them  result  in 
the  same  charge  distribution,  a bond  order  of  about  0.5,  and  an  electron  octet 
for  the  central  atom  as  previously  discussod  by  Bartlett  (l£8)  for  the  closely 
related  noble  gas  fluorides. 


Whereas  the  retention  of  a formal  electron  octet  around  the  central  atom  is  a 
very  attractive  concept,  it  must  be  realized  that  contrary  to  a previous  state- 
ment (lg8)  this  concept  is  not  applicable  to  all  noble  gas  related  fluorides. 
In  ClFg  , for  example,  the  ClF  bond  order  is  about  one  and  hence,  the  bonding 
is  best  described  by  a sp3d2  hybridization,  i.e.,  an  electron  dodecet  (8). 

The  same  argument  applies  to  TeFg  having  a bond  order  of  about  1 (l29)aad, 
hence,  the  suggested  (128)  diagonal  (based  on  the  position  of  the  central 
atoms  in  the  periodic  table)  relation,  XeF,,  IF  , TeF,  does  not  bold  for  the 
bonding  in  these  molecules.  ” 


The  Relationship  Between  Rules  I + II  and  III 

Qualitatively,  rules  I + IX  and  rule  III  describe  the  same  effect,  i.e.,  the 
increase  in  bond  lengths  by  the  repulsive  effect  of  a localized  free  valence 
electron  pair.  Buies  I and  II  arc  derived  from  the  hard  sphere  model  (120) 
without  any  assumptions  about  the  nature  of  bonding  or  any  possible 

changes  in  it  when  comparing  different  halogen  fluoride  bonds*  The  need  for 
rule  III  arises  from  a more  quantitative  study  of  these  effects,  i.e.,  fores 
constants  computed  from  the  observed  vibrational  spectra  (gee  below  for  a 
more  detailed  discussion).  These  computations  show  such  dramatic  changes  in 
the  values  of  the  stretching  force  constants  (see  Table  III)  that  the  pos- 
tulate of  two  different  types  of  bonding,  i.e.,  rule  III,  becomes  necessary. 
Consequently,  rule  111  is  not  contradicting  rules  1 and  II,  but  explains  the 
unexpectedly  high  repulsive  effect  of  certain  free  valence  electron  pairs  by 
tbeir  Increased  s-cbaracter,  i.e.,  by  a change  in  bonding  and  hybridization. 
Based  on  the  assumption  of  a bat’d  sphere  model  and  ligand  crowding,  the 
simultaneous  occurrence  of  aemi-.'onic  3c-4e  bonds  a?d  orbitals  with  high 
a-cbnracter  for  the  free  valence  electron  pairs  is  very  logical.  An  increase 
of  the  X-F  bond  distances  will  cause  the  free  valence  elrctron  pairs  to  be cook 
shorter  and  wider  and,  hence,  to  assume  more  s-character  (sec  Figure  5). 


Figure  6.  Influence  of  increasing 
(broken  lines)  bond  lengths  on  the 
spatial  distribution  of  free  valence 
electron  psirs  assuming  a bard  sphere 
model. 
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f Table  III.  Stretching  Force  Constants  (alva/A)  of 

| Binary  Chlorine  Fluoridee 


Mainly  C 'Talent 

Semi-ionic 

cir6+ 

4.7 

cir4+ 

4.7 

3.3 

CIS* 

4.7 

cir 

4.4 

cit3 

4.2 

2.7 

CIS. 

a 

3.5 

2.7 

cir2‘ 

2.3 

cif4“ 

2.1 

II 


1S1 


In  this  respect  it  appears  meaningless  to  argue  whether  the  formation  of  seal- 
ionic  bonds  causes  the  free  electron  pairs  to  assume  sore  s-cbaracter  or  vbetber 
tbs  increased  s-cbaracter  of  the  free  electron  pairs  causes  the  seai-ionic 
bonds*  Obviously,  both  effects  go  band  in  band  as  a consequence  of  the  bard 
sphere  model . 

Tbo  general  Validity  of  Buie,  I to  III 

Whereas  rules  I and  II,  i.e.,  the  VSEFB  theory,  have  gained  general  acceptance, 
rule  III  as  yet  i,  still  widely  ignored  inspite  of  continuous  enphasis  by  the 
author  sine*  1847  (130).  The  application  of  the  three  basic  rules  is  by  no 
aeans  limited  to  halogen-fluorides,  but  bolds  essentially  for  all  tbe  non-metal 
fluorides.  As  previously  shove  (130),  all  tbe  possible  compounds  can  be  ar- 
ranged in  isoelectronic  groups  and  the  simple  knowledge  of  the  total  number  of 
ligands  and  of  tbe  number  of  free  valence  electron  pairs  on  the  central  atom  is 
sufficient  to  predict  tbs  spa* try  and  relative  bond  strengths  of  all  aiaple  non- 
metal  fluorides. 

Tbs  tendency  to  form  semi-ionic  3c-ie  bonds  is  most  pronounoed  for  the 
lightest  central  atoms  with  high  coordination  numbers.  Vi'tb  increasing  sine 
of  tbe  central  atom,  the  ligand  repulsion  decreases  and  the  polarizability  of 
tbs  central  atom  increases.  This  tends  to  make  tbe  bond  lengths  wore  similar. 

Secondary  Effect  Influencing  the  Bond  Strengths 

Obviously,  there  are  numerous  other  effects  which  will  influence  the  relatively 
strength  of  a bond.  However,  we  feel  that  their  influence  ie  not  aa  strong  as 
that  of  tbe  three  basic  rules  described  above.  Among  these  secondary  effeots, 
maybe  the  most  important  ones  ars  tbe  influence  of  a formal  negative  (in  anions) 
or  a formal  positive  (in  cations)  charge,  tbe  oxidation  state  of  tbe  central  atom, 
and  tbe  tendency  to  form  partial  double  bonds.  Of  these,  the  latter  has  bsen 
discussed  above  **>r  C1F  and,  therafore,  requires  no  further  consent.  An 
increasing  oxidation  state  of  the  central  atom  increases  its  elactronegatiwity 
and,  hence,  decreases  tbe  electronegativity  difference  between  the  central  atom 
and  the  ligands.  Aa  previously  pointed  out  by  Goubeau  (28)  this  will  increase 
tbs  covalency  of  tbe  bond  and  thereby  tbe  bond  strength.  The  influence  of  formal 
positive  or  negative  charges  can  be  readily  understood.  In  anions,  the  formal 
negative  charge  will  reside  mainly  on  tbe  highly  electronegative  F ligands. 

This  will  inersase  the  polarity  of  tbe  X-F  bonds  and,  thereby,  promote  tbe 
formation  of  semi-ionic  3c-4e  bonds* 

Tbe  influence  rf  such  secondary  affects  also  preempts  tbe  assignment  of  one 
numerical  value  to  aa  ideal  single  bond  in  different  compound* . Instead, 
relatively  broad  ranges  (as  apparent  from  Table  III)  must  be  Sssuatcd  for 
covalent  and  semi-ionic  bonds.  Furthermore,  it  should  be  kept  in  mind,  that 
one  rarely  deals  sxclusively  with  one  kind  of  bonding  but  with  contributions 
from  both  in  varying  amounts. 

Force  Constants 

Unfortunately,  exact  hood  lengths  are  known  only  for  a limited  number  of 
halogen  fluoride  molecules  and  ions*  However,  the  vibretional  spectra  and 
approximate  force  fields  of  these  compounds  are  well  known.  Since  the  stretch- 
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lac  to roe  constants  are  closely  related  to  the  bond  lengths  and  bond  strengths , 
they  are  very  useful  tor  distinguishing  semi-ionic  3c-te  (or  one  electron) 
hoods  from  mainly  "covalent"  (or  two  electron)  bonds* 

To  deaaostrnte  the  wide  variation  of  C1F  stretching  fores  constants , a sunnary 
of  published  values  is  given  in  Table  111*  It  can  be  seen  that  the  range  of 
as inly  covalent  bonds  varies  froa  about  4.7  to  about  3.5  mdyn/A  vfaereas  sea i- 
ionic  bonds  show  a range  froa  2.1  to  3.3  adyn/A.  Even  if  one  takes  into 
account  the  uncertainties  in  these  force  constants  caused  by  tho  underdetermined 
nature  of  tbs  force  fields  (102,  131,  132),  the  difference  between  the  tvo 
columns  in  Table  III  i«  significant. 

Figure  6 is  an  excellent  demonstration  that  both  requireaents,  i.e.,  a coordi- 
nation nuabsr  > 4 and  the  presence  of  at  least  one  free  valence  electron  pair, 
must  he  fulfilled  for  the  formation  gf  semi-ionic  bonds.  Comparison  between 
the  fr  values  and  structures  of  C1F„  and  C1F  ~ also  demonstrates  that  the 
mere  presence  of  two  free  valence  electron  pairs  on  chlorine  without  a change  in 
in  the  nature  of  bonding  cannot  account  for  such  a dramatic  dsersass  in  the 
valus  of  tb£  stretching  force  constant.  Although  repulsion  in  the  pseudo-tetra- 
hedral C1F_  arrangement  should  bs  considerably  loss  than  in  pseudo-octahedral 
C1F  ”,  acme  noticeable  offset  should  bo  expected.  Thus,  it  can  bs  concluded 
that  rule  III,  i.a.  tbs  assumption  of  semi-ionic  bonding  for  certain  no  rants  I 
fluorides,  is  a definite  requirement  for  a more  quantitative  prediction  and 
understanding  of  tbe  bonding  <n  these  compounds. 

Based  upon  tbe  above  rules  and  tbeir  experimental  confirmation  by  bond  length 
measurements  and  fores  constant  computations,  tbs  mainly  covalent  bonds  have 
beau  marked  in  Figure  2 with  heavier  lines*  For  the  seven  and  eight  coordinated 
species  IF.”  and  XF„-,  respectively,  no  reliable  structural  data  are  as  yet 
available. 

Helogefl  Fluroide-Lswis  Acid  Adducts.  Ionic  or  Covalent? 

Since  the  very  beginning  of  tho  discovery  of  the  halogen  f luoride-Lewis  acid 
adducts  around  1049  (32),  there  was  much  controversy  as  to  whether  these  ad- 
ducts a re  ionic  or  covalent  coordination  compounds.  In  the  beginning,  in  the 
absence  of  sufficient  and  good  experimental  data,  it  was  more  or  loss  a matter 
of  conviction  and  domestic  thinking  and  the  arguments  were  correspondingly 
boated.  By  now,  tho  predominantly  ionic  nature  of  these  adducts  has  been 
well  established  and  generally  accepted,  although  the  importance  of  fluorine 
bridging  is  frequently  overemphasised  by  improper  interpretation  of  observed 
vibrational  spoctra.  As  a consequence,  predominantly  J ^uic  adducts  have  bean 
described  as  strongly  fluorine  bridged  adducts  thus  contusing  the  issue.  Tbe 
main  argument,  improperly  used  in  favor  of  strong  fluorine  bridging,  is  tbs 
observation  of  symsetry  lowering  for  highly  symmetric  anions  in  tbs  solid 
state.  Several  recent  studies  (102,  113,  133  - 137)  comparing  tbe  vibrational 
spoctra  of  halogen  fluoride  adducts  in  tbs  solid  stats  with  those  of  BF 
solutions,  convincingly  show  that  the  UP  solution  spectra  exhibit  tbe  bends 
characteristic  for  tho  ideal  ions,  and  that  the  number  and  frequencies  of  the 
cation  bands  are  practically  unchanged.  This  indicates  that  the  observed 
anion  effects  ark  mainly  due  to  site  symmetry  lowering  and/or  slight 
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diitortica  of  the  highly  symmetric  anions.  Since  the  cotione  are  usually  of 
low  sysmetry  and  therefore  already  exhibit  the  naximua  nuaber  of  poaeible 
bands,  their  nuaber  renaina  unchanged.  The  fact  that  their  frequencies  are 
practically  unchanged  indicates  that  fluorine  bridging  in  the  solid  state  is 
relatively  insignificant.  The  fact  that  in  the  known  crystal  structures  the 
cations  (which  usually  have  relatively  low  coordination  nuabers)  show  next 
nearest  fluorine  neighbors,  is  obviously  due  to  dipole  - dipole  interactions 
and  crystal  packing  considerations.  Consequently,  if  the  next  nearest 
fluorine  neighbors  are  considerably  further  away  iron  the  halogen  central 
atoa  than  the  regular  fluorine  ligands,  it  appears  Justified  to  classify 
these  adducts  as  predominantly  ionic.  However,  it  should  be  kept  in  aind 
that  with  increasing  aise  of  the  central  atosu  the  polarizability  of  the 
bonds  and  hereby  the  influence  of  these  "fluorine  bridges"  increases,  (82, 

23)  and  aay  for  scam  iodine  and  xenon  compounds  indeed  become  significant. 

NUCLEAR  MAGNETIC  RESONANCE  STUDIES 

Tbs  discovery  that  acidification  of  HF  with  strong  Lewis  acids  slows  down  the 
exchange  rata  between  HF  and  halogen  fluoride  cations,  has  allowed  the  in- 
vestigation of  numerous  4oo.  by  lvFnar  spectroscopy  (23,  100,  112,  113).  The 
high  sywetry  of  the  Xt,  cations  renders  quadrupole  relaxation  by  the  halogen 
central  atoa  ineffective  ~o  thus  permitted  experimental  measurement  of 

halogen-fluorine  spin-spin  coupling  constants  (23,  108,  113)-  Whereas  all  of 
the  observed  nsur  data  are  in  c*  el'ent  agreement  with  tbe  ionic  structures 
established  by  other  method#,  it  reading  difficult  to  rationalise  tbe  ob- 
served chemical  shifts  (113). 

HALOGEN  FUXBIOh  PADICAL3 

As  yet  little  work  has  been  done  in  the  area  w'  halogen  fluoride  radicals. 
There  have  been  recent  reports  on  the  existence  of  two  chlorine  fluoride 
radicals  at  low  temperature.  Maaantov  and  coworkir*  assigned  one  (138,  138) 
of  tho  now  opooioa  observed  (140)  in  the  photolysis  of  N_  or  Av  matrix  iso- 
lated CIF-P-  and  Cl_-F„  mixtures  to  the  C1F  * radical.-  Tbov  interpreted  the 
observed  spectrum  in  terms  of  a bent  structure.  This  usa.t  structure,  however, 
is  somewhat  unexpected  and  Pimentel  suggested  (141)  that  Mamantov'a  data 
might  Just  aa  well  be  interpreted  in  terms  of  a linear  CIF^  radical. 

The  second  known  radical,  C1F.*,  was  synthesized  by  low  temperature  photolysis 
•f  a Cl„  - CF„0F  or  SF.OF  mixture  (142) . It  woe  identify  d by  esr  spectros- 
copy ana  a square  planar  structure  was  suggested. 

The  formation  of  tbe  C1F+  radical  cation  was  reported  (143)  by  Olab  and 
Cemiearov  for  both  thk  C1P,  - ShF.  and  C1P.  - SbF,  system.  However, 
subsequent  studies  in  other  laboratories  (144  - 148)  refuted  thei  claim. 

The  existence  of  a relatively  stable  C1P0+  radical  cation  baa  recently  been 
predicted  (8)  based  on  observations  made  for  tbs  Clf.  - PtT„  systen.  However, 
■ore  direct  experimental  proof  will  be  required  to  confirm  this  prediction. 

80  far  very  little  information  oh  tbe  existence  and  structure  of  halogen 
fluoride  radicals  is  available.  However,  it  appears  plausible  to  predict 
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that  the  unpaired  free  electron  will  re tide  on  tbe  halogen  central  atom  and 
be  sterically  active.  Consequently  tbe  free  radicals  sbculd  show  structures 
analogous  to  those  of  tbs  corresponding  anions,  as  shown  in  Figure  7 for 
Ctf4"  and  Cir4‘. 


Figure  7.  Structural 
relation  between  the  CIF  • 
radical  and  tbe  ClF  “ 
anion. 


APPLICATION  IN  CHBUCAL  USfflfi 

In  addition  to  tbe  continuing  interest  in  halogen  fluorides  as  powerful  uxi- 
disers  in  high  energy  rocket  propellants  and  as  cbenical  reagents  for  tbe 
preparation  of  uranium  fluorides,  a third  area  of  general  interest  has 
recently  developed.  It  was  realised  that  energetic  fluorides,  such  as 
halogen  flaorides,  are  ef  great  potential  for  chemical  lasers*  For  example, 
the  use  of  ClF  and  ClF.  in  ci-^icsl  HF  lasers  have  been  studied  in  both  the 
U.S.  (147)  and  Hus sis  <148). 

CONCLUSIONS  AND  OUTLOOK 

All  of  the  expected  binary  halogen  fluoride  molecules  and  most  of  the  ions 
derived  from  them  have  been  synthesised  and  characterised.  Work  on  tbe 
remaining  compounds  is  being  actively  pursued  by  several  research  groups* 

The  structures  of  most  compounds  have  been  established  and  can  be  rational- 
ised in  terma  of  a plausible  >w*”'lj"g  scheme. 

Areas  for  future  development  include  tbe  syntheses  of  halogen  oxyfluoridea, 
of  euliatitutad  halogen  flooridea,  and  of  halogen  fluoride  radicals  and 
radical  ions.  Furthermore , tbe  reaction  chemistry  of  most  of  tbe  halogen 
fluorides  baa  not  yet  been  studied  to  any  large  extent.  In  addition  to 
their  potential  use  as  rocket  propellants  and  in  tbe  processing  of  nuclear 
fuels,  halogen  fluorides  are  expected  to  became  of  importance  in  the  field 
«f  chemical  HF  lasers. 
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The  synthesis  and  some  properties  of  the  novel  bis(perchlorato)bromateG)  anion  are  reported.  Vibrational  spectra  were 
recorded  and  are  consistent  with  a model  containing  two  covalent,  monodentate  perchlorato  groups  and  an  approximately 
linear  O-Br-O  arrangement. 


Introduction 

Except  for  fluorine  perchlorate,1  no  halogen  perchlorates 
had  been  reported  until  1970.  With  the  recent  discovery  of 
chlorine  perchlorate  (ClOClOj)  by  Schack1  a versatile  syn- 
thetic reagent  became  available  for  the  preparation  of  other 
perchlorates.  This  led  to  the  syntheses  of  the  novel  halogen 
perchlorates  BrOClOj,3  l(0C10j)3,and  Cs*[I(OC10j)s]'.4 
The  covalent  monodentate  nature  of  the  perchlorato  ligand 
in  these  compounds  was  established  by  vibrational  spectros- 
copy.1'5 6 in  this  paper  we  wish  to  report  on  the  synthesis 
and  characterization  of  the  first  known  example  of  a per- 
chloratobromate  ion. 

Experimental  Section 

Materials  and  Apparatus.  Volatile  materials  used  in  this  work 
were  manipulated  in  a well-passivated  (with  C1F,)  stainless  steel 
vacuum  line  equipped  with  Teflon  FEP  U traps  and  316  stainless  steel 
bellows-seal  valves  (Hoke,  Inc.,  425  1F4  Y),  Pressures  were  measured 
with  a Heise  Bourdon  tube-type  gauge  (0-1 500  mm  t 0.1%).  Anhy- 
drous CsBr  (ROC/RIC,  99.9%  minimum)  was  used  without  further 
purification.  Chlorine  perchlorate  was  prepared  and  purified  by  the 
method  of  Schack  and  Pilipovich. 1 Vie  purity  of  volatile  materials 
was  determined  by  measurements  of  tr.eir  vapor  pressures  and  in- 
frared spectra.  Solid  products  were  handled  in  the  dry  nitrogen 
atmosphere  of  a glove  box. 

The  iafrared  spectra  were  recorded  on  a Perkin-Elmer  Model  4S7 
spectrophotometer  in  the  range  4000  -250  cm " 1 . The  spectra  of 
gases  were  obtained  using  304  stainless  steel  cells  of  3-cm  path  length 
fitted  with  AgCl  windows.  Dry  powders  were  recorded  as  pressed 
disks  between  AgCl  windows.  The  pressing  operation  was  carried 
out  using  a Wilks  minipellet  press. 

The  Raman  spectra  were  recorded  on  a Cary  Model  83  spectro- 
photometer using  the  4880-A  exciting  line  and  a Claassen  filter*  for 
the  elimination  of  plasma  lines.  Glass  melting  point  capillaries  were 
used  as  sample  containers  in  the  transverse-viewing-transverse-exdta- 
tion  technique. 

Debye-Scherrer  powder  patterns  were  taken  using  a GE  Model 
XRD-6  diffractometer.  Samples  were  sealed  in  quartz  capillaries 
('-0.5-mm  o.d.).  For  elemental  analyses,  the  solid  samples  were 
hydrolyzed  in  aqueous  NaOH.  Perchlorate  was  determined  with  a 
specific  ion  electrode  (Orion  Model  92-17)  and  Cs  and  Br  by  X-ray 
fluorescence  employing  a GE  XRD-6  VS  X-ray  fluorescence  spectrom- 
eter. 

Preparation  of  CaBriCJOJ,.  A 30 -ml  prepasaivated  316  stainless 
steel  cylinder  was  loaded  with  powdered  CsBr  (1 .03  mmol)  followed 
by  OOCIO,  (6.76  mmol)  at  - 1 96® . The  reactor  was  warmed  to  -45° 
and  stored  at  that  temperature  for  2 years.  On  recooling  to  -196°  a 
few  cubic  centimeters  of  non  condensable  gas  was  noted.  Volatile 
products  were  pumped  from  the  reactor  for  several  hours  while  and 
after  it  had  warmed  to  tmbienr  temperature.  Separation  of  these 
materials  were  effected  by  fractional  condensation.  They  consisted 
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of  Cl,  (1 .41  mmol),  a small  amount  of  CljO,,’  and  unreacted 
ClOClOj  (4.01  mmol).  The  solid  product  was  faint  yellow  and 
weighed  416  mg,  corresponding  to  a 96%  conversion  of  the  CsBr  to 
CsBr(C104),.  Anal.  Calcd  for  CsBrfClO.,),:  Cs,  32.3;  Br,  19.4; 
C104\48.3.  Found:  Cs,  32.6;  Br,  19.0;  CIO,',  47.2.  X-Ray  powder 
diffraction  patterns  of  ihe  solid  showed  no  lines  due  to  CsBr,  CiBrO,, 
or  C$C104.  The  product  was  found  to  be  completely  stable  at  ambient 
temperature  as  shown  by  visual  and  spectroscopic  examination  after 
several  months. 

A reaction  of  CsBr  (1 .42  mmol)  and  ClOClOj  (<t.46  mmol), 
carried  out  unde;  similar  conditions,  was  examined  after  6 days  at 
-45°.  The  volatile  products  consisted  of  Cl,  (1.43  mmol),  BrOClO, 
(1.38  mmol),’  and  unreacted  ClOClOj  (1.52  mmol).  The  white 
solid  residue  weighed  332  mg,  in  excellent  agreement  with  the  weight 
(331  mg)  calculated  for  a complete  conversion  to  Cs004.  The  in- 
frared spectrum  of  the  solid  showed  only  bands'  attributable  to  the 
GO  4"  ion.  ,tnal.  Calcd  for  CsC104:  CIO 4',  42.8.  Found:  Q04~, 
42.4. 

When  another  of  these  reactions  was  examined  after  2 months  at 
-45°,  the  solid  product  consisted  of  32  mol  % CsBr(ClC4),  and  68 
mol  % CsC104  as  shown  by  the  observed  material  balance,  vibrational 
spectroscopy,  and  analysis. 

Results  and  Discussion 

Caution!  Chlorine  perchlorate  is  shock  sensitive.1  Proper 
safety  precautions  must  be  taken  when  working  with  this 
compound.  Although  during  our  experiments  CsBr(C104)3 
appeared  to  be  stable,  it  should  be  kept  in  mind  that  we  have 
previously  observed  explosive  decompositions  for  the  closely 
related  iodine  perchlorate  compounds.4 

Synthesis.  The  experimental  data  show  that  CsBr  interacts 
with  an  excess  of  CIOCIO3  at  -45°  relatively  fast  according 
to 

CsBr  + 2C10C10,  - CsClO.  + BiOClO,  + Cl, 

This  reaction  is  followed  by  the  much  slower  second  step 

CsClO,  + BrOClO,  - CsBr(C104), 

Acceleration  of  the  second  step  by  raising  of  the  reaction 
temperature  was  not  feasible  owing  to  the  thermal  instability 
of  the  halogen  monoperchlorates.  The  use  of  a proper  sol- 
vent is  likely  to  increase  the  reaction  rate.  However,  owing 
to  the  pronounced  incompatibility  of  halogen  perchlorates 
with  most  solvents  and  owing  to  the  slowness  of  the  reaction, 
studies  in  this  direction  were  beyond  the  scope  of  the  present 
investigation. 

The  above  data  demonstrate  that  the  reactivity  of  CsBr 
toward  CIOCIO3  is  intermediate  between  those  previously  ob- 
served for  CsCl  and  Csl 1 ,4  Whereas  CsCl  or  CsC104  do  not 
form  any  stable  adduct  with  C10C103,Csl  is  readily  converted 
to  Csi(C104)4 . The  fact  that  iodide  is  oxidized  by  ClOClOj 
to  the  -Fill  oxidation  state  whereas  bromide  is  oxidized  only 
to  the  +1  state  is  not  surprising  since  iodide  is  a stronger  re- 
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ducing  agent  than  bromide.  Our  previous  attempts4  to  syn- 
thesize the  iodine(I)  salt  CsKClO^  from  CslBr2  and  ClOClOj 
resulted  only  in  a mixture  of  unreacted  CsIBr2  and  CsI(C104)4. 
This  indicated  instability  of  the  iodine(I)  salt  may  be  caused 
by  its  pronounced  tendency  to  disproportionate  and  to 
achieve  a higher  coordination  number. 

Properties.  The  compound  CsBr(C104)2  is  a faint  yellow 
solid.  It  was  stored  for  more  than  6 months  at  ambient 
temperature  in  dry  nitrogen  without  noticeable  decomposi- 
tion. It  is  hygroscopic  and  readily  hydrolyzes  in  water . The 
solid  is  crystalline  and  its  X-ray  powder  pattern  is  listed  in 
Table  I.  Surprisingly,  the  pattern  shows  little  resemblance 
to  that  reported’  for  the  similar  compound  CsBr(S03F)2. 

Vibrational  Spectrum.  Figure  1 shows  the  infrared  and 
the  Raman  spectrum  of  solid  CsBr(C104)j . The  observed 
frequencies  and  their  assignments  are  listed  in  Table  II. 

Before  discussing  these  assignments  in  more  detail,  the 
nature  of  the  perchlorate  moiety  in  CsBr(C104)j  must  be 
established.  The  perchlorate  could  be  present  as  a C104 
anion  or  as  a covalent  perchlorato  ligand.  In  the  latter  case, 
the  perchlo.ato  group  could  be  either  mono-  or  bidentate. 

Since  bromine(l)  has  three  free  <«1  "“ce  electron  pairs,  two 
bidentate  perchlorato  ligands  would  rc  'ilt  in  a coordination 
number  of  7.  This  coordination  number  is  not  unreasonable 
in  view  of  the  existence10  of  the  BrF6  anion  which  has  one 
free  valence  electron  pair  on  the  central  atom.  The  vibra- 
tional spectra  of  the  C104'  anion*  and  of  covalent  mono- 
dentate  perchlorates,  such  asC10(J103  and  BrOC103,6  are 
well  known  and  understood.  Recently,  we  have  also  estab- 
lished the  vibrational  spectrum  of  Ti(C104)4,  a compound 
containing  four  bidentate  perchlorato  ligands."  Since  rel- 
ative bandwidths  of  the  individual  bands  are  very  important 
for  distinguishing  antisymmetric  from  symmetric  motions, 
we  have  added  to  Figure  1 for  comparison  the  vibrational 
spectra  of  the  typical  covalent  monodentate  ClOClOj,  of  the 
bidentate  TKClO^.and  of  the  C104'  anion. 

Inspection  of  Figure  1 immediately  rules  out  for  CsBr(C104)2 
a structure  containing  C104"  anions.  The  spectrum  of  a 
typical  bidentate  perchlorate  should  show  two  pairs  of  strong 
infrared  bands  at  about  1310  and  1 170  and  at  880  and  660 
cm'1 , respectively.  These  pairs  are  due  to  the  antisymmetric 
and  symmetric  stretching  vibrations  of  the 


and  the 


groups,  respectively.  The  absence  of  a strong  infrared  band 
in  the  region  800-1000  cm'1  and  of  a strong  sharp  Raman 
band  above  1 100  cm'1  for 


clearly  rules  out  for  CsBr(CI04)2  a bidentate  perchlorate 
structure. 

A superficial  comparison  between  the  spectra  of  CsBr- 


Table  1.  X-Ray  Powder  Data  for  CsBr(C104), 

d,  A 

In  tens  d,  A 

Intens  d,  A Intens 

5.13 

w 2.445 

m 1.536  w 

3.47 

m 2.188 

s 1.512  vw 

3.40 

vs  2.018 

ms  1.490  w 

2.77 

m 1.973 

w 1.467  • vw 

2.579 

vw  1.834 

w 1 .4 1 1 m 

2.518 

m 1.709 

ms  1.397  mw 

Table  II.  Infrared  and  Raman  Spectrum  of  Solid  CsBr(C104), 

Obsd  freq,  cm"1 , and  intens0 

Approx  description  of  mode  in 

It 

Raman 

point  group  C, 

2930  vw 

1115  + 1078  + 720  = 2913 

2360  w 

1289  + 1078  = 2367 

2040  w 

1 105  + 947  = 2052 

1663  vw 

947  + 720  = 1667 

1 300  vs,  br 

1289  (0.6) 

^(aO,)  in  phase  (2  A) 

1115  vs,  br 

1 105  (0.3)  br 

t’»i(ClO,)  out  of  piiase  (2  B) 

1076  vw 

1078  (10) 

v,ym(aO,)  in  phase  (A) 

1 

947  vw 

947  (6.2) 

933  (1.4) 

904  (0.1) 

>«',ym(aO,)  out  of  phase  (B) 

720  vs,  br 

719  (1.1) 

Mu(BrOG)  out  of  phase  (B) 

633  m 

622  mw 

633  (1.4) 

625  (0.5) 

i v,yro(BrOCl)  out  of  phase  (B) 

581  ms 

584  (1.8) 

WC10a)(A,B) 

572  ms 

578  (1.8) 

SmICIO,)  (A,  B) 

^umbreUalCtoj)  (A,  B) 

558  mw 

558  (2.1) 

466  (1.2) 

vM(BrOCl)  in  phase  (A) 

450  (1.5) 

s,,yro(BrOCl)  in  phase  (A) 

407  (2.7) 

«rock(C10a)  (A) 

396  (2.5) 

«rock(ClO»>  W 

o Uncorrected  Raman  intensities. 


(C104)2  and  C10C103  also  reveals  pronounced  differences. 
However,  these  differences  can  be  easily  reconciled  by  taking 
into  account  that  Br(C104V  contains  two  perchlorato  groups. 
Their  motions  should  strongly  couple  owing  to  the  approxi- 
mately linear  configuration  of  the  O-Br-O  group  expected 
by  comparison  with  pseudoisoelectronic C1F2",U  KrF2,  and 
XeF2 ,13  This  coupling  results  in  a splitting  of  each  mode 
into  an  in-phase  and  an  out-of-phase  motion  of  the  two 
perchlorato  groups.  The  observed  bandwidths  make  it  easy 
to  assign  the  bands  to  antisymmetric  (broad)  and  symmetric 
(narrow)  vibrations.  The  agreement  between  the  vibrational 
spectra  of  C10C103  and  Br(OC103)j'  is  excellent  if  one  takes 
the  average  frequency  of  each  band  pair  and  keeps  in  mind 
the  expected  frequency  decrease  when  going  from  neutral 
XOC103  to  the  Br(OClQs)i~  anion.  This  frequency  trend  in 
the  order  cation  > neutral  molecule  > anion  has  been  estab- 
lished for  numerous  halogen  compounds14  and  can  be  ex- 
plained by  the  increasing  polarity  of  the  bonds. 

After  establishing  the  covalent  monodentate  nature  of  the 
perchlorato  ligands  in  Br(0C103)2‘,  assignments  of  the  ob- 
served bands  to  individual  modes  can  be  discussed.  Since 
the  highly  electronegative  perchlorato  ligand  might  be  con- 
sidered as  a pseudohalide,  the  structure  of  BKOCIO^"  should 
be  analogous  to  those  found  for  the  pseudoisoelectronic 
fluorides  ClFj',11  KrF2 , or  XeF2.13  The  central  atoms  of 
these  species  possess  three  free  valence  electron  pairs  and, 
hence,  ha  e a coordination  number  of  5 This  results  in  a 
trigonal  bipyramid  in  which  the  three  free  valence  electron 
pairs  occupy  the  equatorial  positions  and  the  two  electro- 
negative ligands  the  two  axial  positions.  If  this  analogy  is 


(9) C.  Chung  and  G.  H.  Cady,  7..  Anorg.  AH X-  Chrm.,  38S.  18 
(1971). 

(10)  E.  0.  Whitney,  R.  O.  MacLaren,  C.  E.  Fogle,  and  T.  i. 
Hurley,  J.  Amer.  Chtm.  Soc.,  86.4340  (1984). 

(11)  K.  O.  Christe  and  C.  J.  Schick,  unpublished  results. 


(12)  K.  O.  Christe,  W.  Suwodny,  and  J.  P.  Guertin . Inotg.  Chtm., 
6.  1 1 59  (1967). 

(1 3)  J.  H.  Holloway,  "Noble  Gas  Chemistry,"  Methuen,  London, 
1968. 

(14)  K.  O.  Christe,  Pure  Appl.  Chtm.,  In  press. 
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modes  should  give  rise  to  very  intense,  sharp  Raman  bands 
with  weak  infrared  counterparts,  with  the  strongest  Raman 
band  representing  the  in-phase  motion.  The  slight  splitting 
observed  for  the  947-cnT1  Raman  band  does  not  show  the 
right  (3: 1)  intensity  ratio  for  the  -1sCI-37Ci  isotopes  and, 
hence,  is  ascribed  to  crystal  effects. 

After  assigning  the  ClOj  modes,  four  bands  in  the  region 
450-750  cm'1  remain  unassigned.  Based  on  their  fre- 
quencies, these  bands  must  represent  the  four  skeletal  stretch- 
ing modes.  Of  the  four  bands  the  two  lower  frequency  ones 
do  not  show  a counterpart  in  the  infrared  spectrum  and, 
therefore,  must  be  assigned  to  the  two  A modes  which  do 
not  involve  a change  of  the  dipole  moment  (see  Table  111). 
Based  on  its  higher  Raman  intensity  and  lower  frequency  the 
450-cm"'  band  is  assigned  to  ^.^(BrOCl)  in  phase  which 
involves  more  of  a Br-0  stretch  than  a Cl-0  stretch.  For  the 
two  higher  frequencies  we  prefer  to  assign  the  720-cm*1  band 
to  the  antisymmetric  BrOCl  motion  based  on  its  strong  in- 
frared intensity  and  large  bandwidth.  The  two  components 
of  tire  633-cm"1  band  show  the  correct  intensity  ratio  of  3: 1 
for  :l5Cl  and  37C1  isotopes  and,  hence,  this  splitting  is  ascribed 
to  isotope  effects. 

In  summary,  tire  observed  spectrum  is  in  excellent  agree- 
ment with  our  predictions  for  a covalent,  monodentate  per- 
chlorate structure  containing  a strongly  coupled  and,  there- 


fore, approximately  linear  OBrO  configuration.13  Except 
for  the  torsional  modes  and  the  BrOs  and  BrOCl  in  plane 
deformations  (which  are  expected  to  be  of  relatively  low 
frequency  and  intensity)  all  of  the  predicted  fundamentals 
were  observed.  For  the  stretching  vibrations,  the  strong  cou- 
pling causes  pronounced  frequency  splittings  owing  to  in- 
phase  and  out-of-phase  motions  of  the  two  ligands.  For  the 
ClOj  deformation  modes,  such  a splitting  was  not  observed 
except  for  an  1 1-cm'1  separation  of  the  two  rocking  modes. 

No  attempts  were  made  to  compute  a force  field  for  Br- 
(OClOj)}' owing  to  the  size  (1 1 atoms)  of  the  ion,  the  in- 
availability of  the  skeletal  deformation  frequencies,  and  an 
expected3  strong  mixing  of  the  symmetry  coordinates  of  the 
skeletal  stretching  modes. 
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Gall,  J.  Chem.  Soc.  A,  3569  (197 1 ).  Qualitatively,  their  arguments 
should  also  be  valid  for  our  case  with  Br  as  a central  atom,  where  the 
observed  frequency  separation  of  the  average  of  the  BrOCl  stretches 
of  -pecies  B from  that  of  the  corresponding  A modes  is  2 1 6 cm'1 . 
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Summary 

The  reactions  of  (CFa)aN0  with  PtFe,  MoFa,  ReF*,  OaSbFJT  and  OaAsFjT 
have  been  studied.  The  reaction  of  (CFa)2N0  with  OiSbEf  presents  a new 
method  of  producing  CFa  radicals  chemically  at  low  temperature.  This  was 
demonstrated  by  a new  and  high  yield  synthesis  of  (CFa)aNOCFa.  In  addition, 
the  novel  compound  [(CFa)aN0]  aCFa  has  been  isolated  as  a by-product 
from  this  reaction  and  was  characterized. 


Introduction 

The  bis(tri21ubrcmethyl)  nitroxide  radical  was  discovered  [1,2]  in  1964. 
Since  then,  the  physical  and  chemical  properties  of  this  unusually  stable 
radical  have  been  studied  extensively  and  were  summarized  in  two  recent 
reviews  [3,4] . In  its  reaction  chemistry,  (CFa)aNO  behaves  as  a pseudo- 
halogen with  an  oxidizing  power  similar  to  or  higher  than  that  of  Cls  [3] . 
Due  to  this  high  oxidizing  power,  the  previously  reported  studies  [3,4] 
appear  to  have  been  limited  to  combinations  with  other  radicals,  additions 
across  double  bonds,  and  reactions  with  reducing  agents.  In  view  of  the  well- 
known  stability  of  the  FaN=0*  cation  [5,6]  and  of  hexafluoroacetone  which 
are  isoelectronic  with  COFa  and  the  hypothetical  (CFs)aN=C‘  cation,  respec- 
tively, it  seemed  interesting  to  study  the  behavior  of  (CFa)aNO  towards 
strong  oxidizers.  If  the  oxidation  could  be  limited  to  a simple  one-electron 
transfer  from  (CFa)aNO  to  an  oxidizing  species  A,  the  following  reaction 
series  would  allow  not  only  the  synthesis  of  the  (CFa)aN«0*  cation,  but 
also  that  of  the  novel  bis(trifluoromethyl)-«ubstituted  NFaO  molecule: 

(CFa),N0  + A ->  (CFa)aN0*A“ 

(CFa)aN0*A-  + FN0S  - NOJA-  * (CF,)fN(0)F 

Although  we  could  not  limit  the  oxidation  of  (CFa)aNO  to  a one-elec- 
tron transfer  without  breakage  of  chemical  bonds,  several  interesting  results 
were  obtained  which  we  report  in  this  paper. 
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Experimental 

Material* 

Rhenium  hexafluoride  and  MoFs  (Ozark  Mahoning)  and  CFsNO  (PCR) 
were  purchased.  Platinum  hexafluoride  was  prepared  by  burning  Pt  wire  in  an 
F|  atmosphere  at—  19C  ®C  f 7] . The  Oj  salts  of  AsFV  and  SbFT  were 
synthesized  by  the  methods  of  Beal  [8)  and  Shamir  [9],  respectively. 
Bis(trifluoromethyl)  nitroxide  was  prepared  [10]  from  AgaOx  and  (CFa)aNOH, 
with  the  latter  being  synthesized  as  previously  described  [1] . Prior  to  use, 
all  volatile  starting  materials  were  purified  by  fractional  condensation  and 
their  purity  was  verified  by  spectroscopic  techniques. 

Apparatus 

The  materials  used  in  this  work  were  manipulated  in  a well-passivated 
(with  ClFi)  804  stainless-steel  vacuum  line  equipped  with  Teflon  FEP  11  traps 
and  316  stainless-steel  bellow-seal  valves  (Hoke  Inc.,  426  IF4Y).  Prer  ■&« 
were  measured  with  a Heise- Bourdon  tube  type  gauge  (0  - 1500  mn. . J.1%). 
Because  of  the  rapid  hydrolytic  interaction  with  moisture,  all  n.  ~'ils  were 
handled  outside  die  vacuum  system  in  the  dry  nitrogen  atmosphere  a glove 
box. 

The  infrared  spectra  were  recorded  on  Perkin- Elmer  Model  337  and 
467  spectrophotometers  in  the  range  4000  - 250  cm'1.  The  spectra  of  gases 
were  obtained  using  304  stainless-steel  cells  of  6 cm  path  length  fitted  with 
AgCl  or  AgBr  windows.  The  spectra  of  solids  were  obtained  by  pressing  two 
small  single-crystal  platelets  of  either  AgCl  or  AgBr  into  a disk  in  a Wilks 
minipellet  press.  The  powdered  sample  was  placed  between  the  platelets 
before  starting  the  pressing  operation. 

The  Raman  spectra  were  recorded  on  a Cary  Model  83  spectrophoto- 
meter using  the  4880  A exciting  line  and  a Claassen  filin'  [11]  for  die  elimi- 
nation of  pls'"na  lines.  Glass  melting  point  capillaries  were  used  as  sample 
containers  ii  die  transverse-viewing-transverse-excitation  technique. 

Mass  spectra  were  recorded  on  a Quad  300  (Electronic  Associates  Inc.) 
quadrupoie  mass  spectrometer  using  a passivated  all -stainless-steel  inlet 
system. 

The  1#F  NMR  spectra  were  recorded  at  56.4  MHz  on  a Varian  DA60 
NMR  spectrometer  equipped  with  a variable-temperature  probe.  Chemical 
shifts  were  determined  by  the  side-band  technique. 

The  (CFs)tNO-MoFt  system 

Molybdenum  hexafluoride  (0.90  mmol)  and  (CFa)xNO  (1.44  mmol) 
were  combined  at  —-196  *C  in  a passivated  25  cm*  sapphire  stainless-steel 
reaction  tube  (Varian  Model  CS-4250-3).  After  wanning  the  mixture  to 
29  °C  for  1 h,  only  unreacted  starting  materials  were  recovered. 
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The  (CF3)aNO-ReFe  system 

Rhenium  hexafluoride  (2.01  mmol)  and  (CF,)aNO  (1.88  mmol)  when 
kept  at  29  °C  for  1 h in  a sapphire  reactor  produced  a small  amount  of  a non- 
volatile white  solid.  To  increase  the  yield  of  this  solid,  the  starting  materials 
were  recombined  in  the  reactor  and  kept  at  29  °C  for  100  h.  The  volatile 
products  were  removed,  separated  by  fractional  condensation,  measured  by 
PVT  and  identified  by  spectroscopic  techniques.  They  consisted  of  (CF3)2NOCF3 
(0.29  mmol),  (CFa)2NO  (1.61  mmol)  and  ReF#  (1.92  mmol).  The  white  solid 
residue  (8  mg)  was  mainly  NO*ReF$  , but  its  infrared  spectrum  also  indicated 
the  presence  of  a new  rhenium  oxyfluoride  anion  having  strong  absorptions 
at  1059, 1022  and  971  cm-1. 

The  ( CF3)sNO  -PtFt  system 

Platinum  hexafluoride  (1.78  mmol)  and  (CF3)3NO  (3.56  mmol)  were 
combined  at  —196  °C  in  a sapphire  reactor.  The  mixture  was  slowly  warmed 
up  until  the  (CF3)3NO  started  to  melt  and  react.  The  reaction  with  PtFe  was 
very  violent  (caution!  ) and  the  reaction  was  immediately  quenched  by 
cooling  to  —196  °C.  This  procedure  was  repeated  several  times  until  the  reac- 
tion was  essentially  complete  when  the  reactor  was  kept  at  25  °C  for  1 day. 

The  volatile  products  consisted  of  COF3  and  CF4  (4.04  mmol),  (CF3)3NOCF3 
(0.54  mmol)  and  (CF3)3NO  (0.73  mmol).  The  dark-grey  solid  residue  (570  mg) 
was  identified  by  vibrational  spectroscopy  as  NO'PtFV- 

The  (CF3)aNO-OlAsFe  system 

In  a Teflon- FEP  ampoule,  (CF3)3NO  (0.86  mmol)  and  OjAsF^"  (0.95 
mmol)  were  combined  at  —196  °C.  The  mixture  was  slowly  warmed  up  to 
25  °C  and  a smooth  reaction  occurred  with  gas  evolution.  The  volatile  pro- 
ducts consisted  of  03  (0.90  mmol),  (CF3)3NO  (0.32  mmol)  and  CF4  and 
COFa  (0.98  mmol).  The  white  solid  residue  consisted  of  NO*AsFjf  (0.48  mmol) 
indicating  that  some  Oa  AsFf  had  decomposed  irreversibly  during  the  reaction, 
with  the  free  AsFs  being  absorbed  by  the  metal  fluoride  surface  of  the  pas- 
sivated metal  line. 

The  (CF3)aNO-OaSbFf  system 

In  a 30  cm3  stainless-steel  cylinder,  (CF3)3NO  (1.92  mmol)  and 
02SbFa“-  0.73SbF5  (0.70  mmol)  were  combined  at  —196  °C.  The  mixture 
was  allowed  to  warm  to  —21  “C  and  kept  at  this  temperature  for  1 day.  The 
volatile  products  consisted  of  Oa  (0.70  mmol),  CF4  and  COFa  (0.74  mmol), 
(CFa)aNOCFt  (0.73  mmol)  and  [(CFa)tNQj  aCFa  (0.16  mmol).  The  white 
solid  residue  consisted  of  NO*SbF4~ • 0.73SbF*  (0.70  mmol). 

The  CF3NO-OiSbFf  system 

When  mixtures  of  CFaNO  and  OaSbFj~ *0.73SbF8  with  either  component 
in  excess  were  kept  for  several  days  at  ambient  temperature,  little  interaction 
occurred.  Heating  to  80  °C  was  required  far  NO'SbF*-  formation  and  Ox  evo- 
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TABLE  1 

Man tpactrum*  of  KCFj^NOlgCFg 

367,  (CFjhNOCFjONCaFi,  (6);  279,  CaFsNOCFjONCFi,  (7); 

234,  (CFjJjNOCFjO*.  (0+);218,(CF,)aNOCFi,  (86);  191,  CjF^OCFON4,  (0.7); 

168,  (CF,),N04,  (2.8);  149,  C^sNO4,  (1.4);  188,  CjFeN4,  (2.8); 

130,  CaF4NO’,  (90);  127,  CFsN0C04,  (0.7);  114,  C2F4N\  (29);  111,  C2F,NO\  (0.7); 

108,  CFaN0C04,  (0+  );  99,  CF,NO‘,  (1.2);  96.  CaF,N\  (0.2);  92,  CaF2NO\  (1); 

83,  CFjN*,  (0.3);  80,  CFaN04,  (0.2);  76,  (0+ );  70,  CNOCO4,  (20); 

69,  CFJ,  (1000);  66,  CFjO4,  (32);  64,  CFjN4,  (60);  61,  CFNO4,  (3); 

67,  CaFN4,  (0.2);  60,  CFJ.  (104);  47,  CFO4,  (195);  45,  CFN4,  (14); 

44,  COi.  (64);  31,  CF4,  (106);  30,  NO4,  (340);  26,  CN\  (3);  19,  F\  (46); 

16,04,  (120);  14,  N4,  (136);  12,  C4,  (11). 

*»* 1 nn—  R**JU  quoted  u m/a,  ion,  relative  intensity. 

lution.  No  evidence  was  obtained  for  the  formation  of  any  species  containing 
more  than  one  carbon  atom.  The  main  products  were  COF2,  CF4  and  CFsN02. 

Properties  of  [( CFt ) 3NO]  aCFa 

The  compound  is  a stable,  colorless  liquid  having  vapor  pressures  of  3 
and  16  mmHg  at  —31.2  °C  and  0 °C,  respectively.  During  fractional  condens- 
ation, it  slowly  passed  a — 64  °C  trap  and  was  retained  at  —78  °C.  Its  mass 
spectrum  is  given  in  Table  1 and  its  infrared  and  Raman  spectrum  in  Fig.  1 and 
Table  2.  The  1#F  NMR  spectrum  showed  a 1:2:1  triplet  at  67.96  ppm  (CFS) 
and  a multiple!  (-13)  at  69.77  ppm  (CF2)  above  the  internal  standard  CFC13 
with  J(FF)  - 6.0  Hz  and  an  area  ratio  slightly  larger  than  6:1.  Three  addi- 
tional weak  signals  were  observed  at  66.2, 66.9  and  73.6  ppm  which  were 
broad  singlets.  The  relative  peak  area  of  the  low-field  signs!  increased  for  the 
neat  compound  and  increased  further  with  increasing  temperature.  In  addi- 
tion, the  CF,  signal  started  to  show  a low-field  component  with  increasing 
intensity  of  the  low-field  CF2  signals  at  ~66  ppm.  Analysis:  Found:  C,  16.7; 

F,  68.1%.  C5F14N202  requires  C,  16.54;  F,  68.39%. 


Result”;  and  discussion 

Of  the  strong  oxidizers  studied,  PtF«  and  02  salts  are  capable  of  oxid- 
izing the  (CF,)2NO  radical  under  the  given  conditions  whereas  MoF,  is  not. 
Rhenium  hexafluoride  with  an  electron  affinity  > 90  kctJ  mol"1  [12] 
appears  capable  of  slowly  oxidizing  (CF,),NO  at  room  temperature.  These 
results  ore  in  excellent  agreement  with  the  apparent  [3]  high  electroneg- 
ativity of  the  (CFs)2NO  radical.  This  requirement  of  a strong  oxidizing  re- 
agent may  also  explain  the  lack  of  (CF,)aNO*  formation.  Instead  of  a simple 
one-electron  transfer  reaction,  an  oxidative  fission  of  the  N— C bond  was 
observed  resulting  in  the  formation  of  CF4,  NO*  salts  and  significant  amounts 
of  CF,  radicals.  In  the  presence  of  unreacted  (CF,),NO  radicals,  the  CF,  radical 
undergoes  the  following  reaction 

CF,-  + (CF,),NO-  - (CF,)aNOCF, 
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Fig.  1.  Vibrational  spectrum  of  [(CF3)2NO)2CF2.  A and  B:  IR  spectrum  of  tha  gaa  at 
10  and  3 mm,  raapactivaly,  path  length  6 cm,  window  material  AgBr.  C and  D:  Raman 
spectrum  of  tha  liquid  with  the  polarization  parallel  and  perpendicular,  respectively. 

E indicate*  the  apectral  slit  width. 

Thus,  these  reactions  present  a new  high  yield  synthesis  of  (CFa)2NOCFa. 
However,  owing  to  the  commercial  availability  of  CFjNO,  Hie  catalytic  fluo- 
rination  of  CFjNO  yielding  (CFj)2NOCFa  in  55%  yield  [13]  appears  to  be  a 
more  attractive  synthetic  route.  A brief  study  to  substitute  (CFs)sNO  by 
CFjNO  in  its  reaction  with  OJ  salts  did  not  result  in  the  formation  of  any  two 
carbon  atom  species  but  only  CFjNO  oxidation  products.  This  observation 
agrees  with  the  above  postulate  that  in  (CFj)*NO  an  N— C bond  is  attacked 
first  with  CF4  formation  resulting  in  an  excited  CFjNO  species  which  can 
readily  lose  a CFa  radical.  The  interaction  between  (CFt)2NO  and  OjSbFV 
when  carried  out  under  suitable  conditions  (such  as  gas  phase  reaction,  use  of 
a carrier  gas,  etc. ) may  have  potential  for  producing  CFj  radicals  under  mild 
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conditions  by  chemical  means.  However,  further  experiments  in  this  direction 
were  beyond  the  scope  of  the  present  study. 

In  addition  to  (CF8)2NOCF3  a new  compound,  [(CF3)2NO]  2CF2>  was 
formed  in  about  20%  yield  based  on  02  salt.  This  indicates  that  significant 
amounts  of  the  CF2  diradical  are  also  formed  which  interact  (CF3)2NO  ac- 
cording to: 

2(CF,)sNO  + CFa  - f(CF8)2NO]2CF2 

The  formation  of  a carbon  species  with  only  two  fluorine  atoms  attached  to 
it,  such  as  CF2  or  COF2,  is  not  unreasonable  since  the  formation  of  CF4  in 
the  first  step  will  create  a fluorine  deficiency  in  the  system. 

The  [(CF3)2NO]  2CF2  molecule  may  be  considered  as  a derivative  of  the 
previously  reported  (F2NO)2CF2  molecule  [14]  in  which  the  fluorines  at- 
tached to  the  nitrogen  atom  are  replaced  by  CFS  groups.  The  observed  mass 
spectrum  (Table  1),  vibrational  spectrum  (Table  2)  and  1#F  NMR  data  are 
in  excellent  agreement  with  the  suggested  structure.  Tentative  assignments 
for  the  more  important  vibrational  modes  are  given  in  Table  2.  These  were 
made  by  comparison  with  the  previously  reported  spectra  for  (CF8)2N— N 
(CF8)2  [15]  and  [(CF8)2NO]2CO  [16] . The  general  agreement  between  the 
vibrational  spectra  of  the  three  compounds  is  excellent  except  for  the  differ- 
ence in  the  relative  Raman  intensities  of  »'r/m(NC2)  between  (CF3)2N— N(CF3)2 
and  [(CF8)2NO]  2CF2.  As  pointed  out  previously  [15] , the  Raman  intensities 
observed  for  these  modes  in  (CF8)2N— N(CF8)2  are  much  lower  than  those 
usually  found  for  related  (CF8)2N-type  molecules.  A more  detailed  analysis 
is  not  warranted  due  to  the  size  of  the  molecule  and  to  the  possible  existence 
of  different  rotational  isomers  as  indicated  by  the  NMR  spectral  data. 

The  l9F  NMR  chemical  shifts  and  coupling  constant  observed  for 
I(CF8)2NO]  2CF2  are  in  excellent  agreement  with  those  reported  for  the  re- 
lated (CF8)2NOCF2X-type  compounds  [17,18] . The  chemical  shift  of  the 
CF2(OX)2  group  appears  to  decrease  with  decreasing  electronegativity  of  X 
resulting  in  the  following  order  for  X:  F(84.2)  [19] , NF2(84)  [14] , OCF3  and 
OOCFs(79.2)  [20] , N(CF8)2(69.8),  S02F(68.6)  [21] . The  fact  that  in  addi- 
tion to  the  69.8  ppm  CF2  signal,  three  other  weak  signals  having  similar  chem- 
ical shifts  were  observed  for  [(CF8)2NO]  2CF2  indicates  the  possible  existence 
of  rotational  isomers  which  would  not  be  surprising  for  this  bulky  molecule. 

Acknowledgements 

We  thank  the  Office  of  Naval  Research  (Power  Branch)  for  financial 
support. 

References 

1 W.  D.  Blackley  and  R.  R.  Rdnhard,  J.  Am«r.  Chetn,  Soc.,  87  (1965)  802. 

2 8.  P.  Makarov,  A.  Ya.  Yakubovich,  S.  8.  Dubov  and  A.  N.  Medvedev,  Dokl.  Akad.  Nauk 
SSSR, 160(1965)1319. 


256 


f 


431 


3 P.  M.  Spaziante,  MTP  International  Review  of  Science,  Inorganic  Seriea,  Vol.  3, 

Butte rwort ha,  London,  1972,  p.  141. 

4 D.  P.  Babb  and  J.  M.  Sh reeve,  Intraaci.  Chem.  Rep.,  5 (1971)  55. 

5 K.  0.  Chriite  and  W.  Maya,  Inorg.  Chem.,  8 (1969)  1253. 

6 C.  A.  Wamaer,  W.  B.  Pox,  B.  Sukomick,  J.  R.  Holme#,  B.  B.  Stewart,  R.  duorik, 

N.  Vanderkooi  and  D.  Gould,  Inorg.  Chem.,  8 (1969)  1249. 

7 B.  Weinatock,  H.  H.  daaaaen  and  J.  G.  Malm,  J.  Amir.  Chem.  Soc.,  79  (1967)  6832. 

8 J.  B.  Beal,  C.  Pupp  and  W.  E.  White,  Inorg.  Chem.,  8 (1969)  828. 

9 J.  Shamir  and  J.  Binenboym,  Inorg.  Chim.  Acta,  2 (1968)  37. 

10  H.  G.  Ang,  Chem.  Commun.,  (1968)  1320. 

11  H.  H.  Claaaaen,  H.  Setig  and  J.  Shamir,  Appl.  Spectroac.,  23  (1969)  8. 

12  N.  Bartlett,  Angew.  Chem.  Int.  Ed.  Engl.,  7 (1968)  433. 

13  J.  M.  Shraeve  and  D.  P.  Babb,  J.  Inorg.  Nucl.  Chem.,  29  (1967)  1816. 

14  D.  Pilipovich,  M.  B.  Warner,  W.  Maya  and  R.  D.  Wilaon,  7th  Intarnat.  Symp.  Fluorine 
Chem.,  Santa  Cruz,  Calif.  (U.S.A.),  July  1973,  Paper  1-16. 

16  J.  R.  Dung,  J.  W.  Thompeoe  and  J.  D.  Witt,  Inorg.  Chem.,  11  (1972)  2477. 

16  D.  P.  Babb  and  J.  M.  Sh  reeve,  Inorg.  Chem.,  6 (1967)  361. 

17  A.  H.  Dinwoodie  and  R.  N.  Haaxeldine,  J.  Chem,  Soc.,  (1965)  1681. 

18  R.  E.  Banka,  R.  N.  Haazeldine  and  T,  Myeracough,  J.  Chem.  Soc.  (Perkin  Trana.  I), 
(1972)  1449,  2336. 

19  P.  G.  Thompaon,  J.  Amer.  Chem.  Soc.,  89  (1967)  1811. 

20  D.  D.  DeaMarteau,  Inorg.  Chem.,  9 (1970)  2179. 

21  M.  Luatig,  Inorg.  Chem.,  4 (1965)  1828. 


257/258 


'= (ST 


mom.  MOCL.  CUBI.  L£TTEKS  Vol.  ID,  pp,  444-4S1,  tru.  Pm>M  Prc««.  Printed  in  Orem  Britain. 


TRIPUIOBWeTHlX  PEaCELOKATE-ffiEPAfiAT  ION  AND  B&0FE8TIE3 


Carl  J.  Sch&ck,  Donald  Pilipovich,  and  Karl  0.  Christ# 
Bocketdyne , A Division  of  Bockvell  International 
Canoga  Park,  California  91304 

(RtcaivatZ  SS  January  19741 


Becently  the  addition  of  chlorine  or  bromine  perchlorate  to  perhaloolefina  ves 
reported  (l).  The  perhaloalkyl  perchlorates  that  vere  formed  exhibited  good 
overall  stability  especially  when  contrasted  to  the  known  (2)  hydrocarbon  per- 
chlorates* In  an  effort  to  viden  the  range  of  available  perhaloalkyl  perchlorates 
and  to  continue  tin  study  of  the  chemistry  of  chlorine  perchlorate,  the  possible 
displacement  of  halogen  from  perhaloalkyls  was  investigated. 

Va  now  report  that  the  action  of  chlorine  perchlorate  on  trifluoromethyl  iodide 
at  low  temperature  has  resulted  in  the  formation  of  the  siaplest  perfluoroalkyl 
perchlorate,  C¥„0CI0„ . The  observed  stoichiometry  of  the  preparation  was: 

cp3i  + aciocio3 - cf3°cio3  + ci2  + [icio4] 

The  identification  of  this  colorless  compound  wis  unequivocal,  based  on  its  infrared 

19 

* Baaan,  mass,  and  .V  nmr  spectra,  together  vltb  vapor  density  molecular  weight, 
elemental  analysis,  and  CsF  catalysed  decomposition.  The  infrared  spectrum  shows 

* the  following  bands t 1310  (va),  1275(a),  1250(a),  1130(va),  1030(vs),  920 (m), 

725 (m) , 820(a),  575(w),  and  510(vw)  oaf1.  The  1310,  1035,  sad  820  cm-1  bands  are 
typical  of  the  covalent,  monodentate  perchlorate  group  (l,  3).  Intense  m/m  frag- 
manta  in  the  mass  spectrum  were  assigned  to  the  ions,  CIO.  , CP.  , CIO.  , CIO  , 


TRIFLUOBOMETHYL  PEECKLORATE 
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+ 19 

•ad  CQF  •»  la  addition  a weak  parent  ion  peak  wag  noted*  The  F nmr  spectrum 

exhibited  only  one  line  at  69*0  ppm,  quite  close  to  that  of  related  CFgO  moieties 

(4,  S).  Also,  measured  quantities  of  CF^OCIO^  and  CFCl^  reference  were  used  to 

prove  by  nmr  peak  area  ratio  measurements  that  the  compound  contains  three  fluorine 

atoms  per  molecule* 


Iodine  perchlorate , postulated  as  the  by-product  in  the  preceding  equation,  is 
not  a monomeric  covalent  material  like  the  other  halogen  perchlorates*  At  ambient 
temperature,  on  standing  the  "ICIO^"  gradually  loses  Clg  and  ClgO^ , eventually 
leading  to  the  formation  of  IgOg.  the  same  solid  decomposition  product  results 
from  tbs  ambient  temperature  degradation  of  X(C10^)g(fi)* 


The  CsF  catalysed  decomposition  of  CF^OClOg  demonstrated  the  inherent  stability 
of  the  molecul*  since  only  90  percent  of  the  sample  cleaved  during  18  hours  at 
100°. 


CFgOOlOg 


CQF2  + PC103 


Higher  temperatures  produced  complete  decomposition  and  quantitative  amounts  of 
the  products  shown. 


Several  other  nsv  perchlorates  have  been  synthesised  in  similar  reactions  and 
mill  be  described  shortly. 


Trif luoromsthyl  iodide  (2*02  mole)  and  ClOClOj  (4.24  molt)  were  combined  at 
-1M°  in  a 30  ml  stainless-steel  cylinder  which  was  subsequently  slowly  warmed 
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to  -45°  during  several  days.  Recooling  to  -196°  a bowed  tbe  absence  of  nonconden- 
sable products.  While  warning  to  room  temperature,  the  volatile  products  evolved 
were  separated  by  fractional  condensation.  These  consisted  essentially  of 
Clg  (2.07  mmole),  trapped  at  -196°  and  CFgOClOg  (2.01  aenole) , trapped  at  -112°; 
the  yield  of  CF^OCIO^  was  9 9 percent.  Tbe  observed  molecular  weight  based  on 
vapor  density  neasurenents  was  167  versus  a value  of  168.4  g/*ole  calculated  for 
CF-0C10-.  Anal..  Calc.i  F,  33.84;  Cl,  21.04.  Found;  F,  33.3;  Cl,  21.6. 
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Infrared  and  Raman  Spectra  of  Trifluoro methyl  Perchlorate 

CARL  J.  SCHACK*  and  KARL  O.  CHRISTE 

Received  March  5, 1974  AIC401486 

The  ga*phase  infrared  spectrum  and  the  liquid-phase  Raman  spectrum  of  trifluoromethyl  perchlorate  have  been  recorded. 

The  spectra  show  that  CF,OQO,  contains  a covalent  monodentate  porchlorato  group.  A total  of  19  fundamental  vibra- 
tions out  of  21,  expected  for  a model  of  symmetry  C,  with  hindered  rotation,  were  observed  snd  assigned. 


Few  covalent  perchlorates  are  known.  Among  these  are 
free  perchloric  add.  HOCK)*,  and  its  anhydride,  0,C10C10j , 
both  of  which  ha*1 2*  been  known  for  many  years.'  More 
recently  the  halogen  perchlorate*  FOClOj,8  ClOClOj,3  Rr- 


(1)  J.  C.  Schumacher,  “Perchlorate#",  ACS  Monograph  Series,  No. 
1*6,  Reinhold,  New  York,  N.  Y„  1960. 

(2)  G.  M.  Rohrback  and  G.  H.  Cady,  J.  Amer.  CHem.  Soc.,  69,  677 

(1947). 


OCIO3,4  Cs+Bt(0C10,)j-,s  I(0C10,)3  * and  CsKOCK),)*-  ‘ 
have  been  reported . Alkyl  perchlorates  are  also  known  but 
are  very  treacherous  materials1  and  therefore  haw  not  been 
investigated  extensively.  While  spectroscopic  studies  of  0»* 
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CiOdOj,1-1  H0C103  * and  the  halogen  perchlorates5,4,10 
have  been  completed,  alkyl  perchlorates  remain  unexamined. 
Renewed  interest  in  the  synthesis  of  new  covalent  perchlo- 
rates11,11 has  shown  that  perhalogenated  alkyl  derivatives 
can  be  prepared,  are  stable,  and  are  thus  amenable  to  further 
study. 

For  spectroscopic  work  on  alkyl  compounds  it  is  best  to 
study  the  simplest  example  in  order  to  avoid  interference 
from  bands  due  to  large  alkyl  groups.  Recently  we  sue  ^eded 
in  synthesizing15  the  novel  fluorocarbon  perchlorate  trifluo- 
romethyl  perchlorate.  Owing  to  its  simplicity  this  com- 
pound is  ideally  suited  for  a systematic  study  of  its  vibra- 
tional spectrum. 

Experimental  Section 

Material!  and  Apparatus.  Volatile  materials  used  in  this  work 
were  manipulated  in  a well-passivated  (with  OF,)  stainless  steel 
vacuum  line  equipped  with  Teflon  FEP  U traps  and  316  stainless 
steel  bellows-sea!  valves  (Hoke,  Inc.,  423  1F4Y).  Pressures  were 
measured  with  a Heise  Bourdon  tube-type  gauge  (0-1300  mm  t 0.1%). 
Trifluoromethyl  perchlorate  was  prepared  from  CF,I  and  OOOO, 
as  reported' 1 and  was  purified  by  several  fractional  condensations. 

The  purity  of  the  sample  used  for  this  study  was  verified  by  its  mass 
spectrum  and  tensiometric  homogeneity,  infrared  absorbing  impuri- 
ties were  not  detected.  Pure  CF,0C10,  is  stable  and  can  be  mani- 
IHilated  with  much  less  difficulty  than  any  of  the  halogen  perchlo- 
rates. A gas  sample  stored  in  a stainless  steel  vessel  at  room  tem- 
perature for  nearly  2 years  was  not  noticeably  changed. 

The  infrared  spectra  were  recorded  on  a Perkin-Klmer  Model  437 
spectrophotometer  in  the  range  4000-230  cm  The  spectra  of 
gases  were  obtained  using  304  stainless  steel  cells  of  3-  ot  10-cm 
path  length  fitted  with  AgCl  or  AgBr  windows.  The  instrument  was 
calibrated  by  comparison  with  standard  calibration  points.1*  The 
Raman  spectra  were  recorded  on  a Cary  Model  83  spectrophotom- 
eter using  the  4880-A  line  of  an  Ar  ion  laser  as  the  exciting  line  and 
a Claasscn  filter'  * for  the  elimination  of  plasma  lines.  Sealed  quartz 
tubes  (~  2 -mm  i.d.)  were  used  as  sample  containers  for  the  liquid  in 
the  transverse  viewing-transverse-excitation  technique.  The  Raman 
spectra  were  recorded  at  -100*  using  a device  similar  to  that  pre- 
viously described.'* 

Results  and  Discussion 

Caution!  Perchlorates  are  generally  shock  sensitive  and 
must  be  treated  with  due  care.  Although  trifluoromethyl 
perchlorate  appears  quite  stable,  deflagrations  were  occasion- 
ally encountered  in  the  course  of  its  synthesis. 

Vibrational  Spectrum.  Figure  1 shows  the  infrared  spec- 
trum of  gaseous  trifluoromethyl  perchlorate  at  several  pres- 
sures and  the  Raman  spectrum  of  the  liquid . Table  1 lists 
the  observed  frequencies  together  with  their  assignments. 

Structural  Model.  In  principle  several  isomeric  structures 
are  possible  for  a con  pound  with  the  empirical  composi- 
tion CFjCIO*.  All  the  observed  properties.  i.c.,  low  melting 
point, bp  9.5“.  Trouton  constant  2.’’ .3,  vapor-phase  mol 
wt  167,  and  nmr-cquivalcnl  lluorncs,  toge! her  with  the 
direct  synthetic  method,  are  consistent  with  a structure 
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Figure  1.  Vibrational  apectra  cf  CF,OCTO,.  Infrared  spectrum  of 
the  gas:  A,  3 mm  in  a 5-cm  path  length  cell  with  AgCl  windows;  B 
and  C,  1 8 and  1 23  mm,  respectively,  in  a 10-cm  path  length  cef  with 
AgBr  windows.  Raman  spectrum  of  the  liquid  at  — 100*:  D, 
incident  polarization  perpendicular;  E,  incident  polarization  parallel; 
the  spectral  slit  width  used  wai  3cm'. 


containing  a CF3  group  linked  to  a CK>4  group  through  or.e 
of  the  oxygens.  Such  a structure  would  be  expected  to  hive 
a bent  C-O-Cl  link  much  like  the  previously  studied5'10  co- 
valent perchlorates  and  to  resemble  spectroscopically  a mixed 
ether,  B3A-0-CD3.  Therefore,  CFjOCIOj  should  possess 
structure  I of  symmetry  C,  assuming  one  F and  one  double- 


C 

/\ 

I F 


I 


bonded  oxygen  atom  to  be  located  in  the  COC1  plane.  As- 
suming free  rotation  of  the  CF3  and  CiOs  groups,  the  mole- 
cule would  also  possess  C,  symmetry  but  some  of  the  XY3 
modes  would  be  degenerate.  Assuming  hindered  rotation  a 
nine-atom  molecule  of  C,  symmetry  should  exhibit  2 1 funda- 
mental modes  of  vibration,  ail  active  in  both  the  infrared 
and  the  Raman  spectra.  Of  these,  13  belong  to  species  A* 
and  can  be  either  polarized  or  depolarized,  while  8 belong 
to  species  A"  and  should  be  depolarized.  The  2 1 funda- 
mental vibrations  arise  from  3 skeletal  motions  and  9 modes 
each  for  the  CF3  and  the  CIOj  groups.  The  9 motions  each 
of  the  CFj  and  CIO]  groups  may  be  described  as  3 stretching 
modes,  3 defurmational  modes,  2 rocking  fundamentals,  and 
1 torsional  oscillation.  Torsional  mode:  for  CFj17  and  Cl- 
O]7  groups  generally  occur  at  quite  tow  frequencies  (beyond 
the  range  of  our  infrared  measurements),  are  weak , and 
usually  are  not  observed.  No  evidence  for  the  two  torsional 
fundamentals  was  found  and  they  will  not  be  considered 
further  in  our  discussion. 

Assignment  of  Stretching  Modes.  Investigation*17,1*  of 
trifluoromethyl  compounds  have  shown  that  the  CF,  stretch- 
ing fundamentals  lie  in  the  frequency  range  1400-1 100  cm'1 . 
Similarly  for  C103  stretching  modes,  the  frequency  range 
1350-1000  cm-1  has  been  established .,,,°  In  ipite  of  this 
frequency  range  overlap,  assignments  can  be  made  to  the 
modes  belonging  to  the  CF3  and  the  CIOj  groups,  respective- 
ly. The  two  antisymmetric  C103  stretches  usually  are  al- 
most degenerate  and  splitting  into  the  individual  modes  is 


( ) 


(17)  C.  V.  Bcmty,  Sp*ctrocktm.  Act*,  31,  1809  (19*5). 
(IS)).  R.  Hurts  sad  D.  W.  W«rts,  J.  MoL  Spaetrotc.,  35, 467 
(1968). 
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Tabial.  Vibrational  Spectra  of  CF.OCJC/ 


Obad  freq,  cm 

**,  and  intent* 

Assignment  in  point  group  C, 
and  approx  description  of  mode 

infrared  (gas) 

Raman  (liquid) 

2595  vw 

v,  + *,«  = 2595  (A") 

2547  vw 

v,  + •»,,  = 2549  (A") 

2*„  = 2482  (A') 

2486  w 

2435  vw 

*,  + v, = 2436  (A') 

7.345  w 

2v,  = 2342  (A') 

2290  vw 

»-,  + v4  = 2293  (A') 

2167  vw 

v,  + v1,  = 2155(A")orv1  + 
v,  = 2179  (A’) 

2093  w 

•>,  + v,  = 2085  (A*) 

2038  vw 

+ vu  * 2036  (A") 

1964  vw 

•»,  + s>14  * 1968  (A‘‘)  or  •>,  + 
v,  = 1971  (A‘i 

1942  w 

»,  + “u  - 1945  (A")  or  s>,  + 
v,,  = 1947  (A")  or  v4  4- 
v,=  1942  (A‘) 

1877  vw 

v,  + v,  = 1877  (A1) 

1831  vw 

2s>,  * 1828  (A1)  or  v,  + v14  * 
1831  (A")  or  v,  + t>„  = 

1833  (A") 

1632  vw 

*>,+•>,=  1638  (A')orv,  + 
v„  = 1633  (A") 

1612  w 

v,  + = 1622  (A')  or*,  + 

v,  = 1620  (A')  or  v,  + •>,,  = 
1604  (A') 

1495  w 

*>4  + = t490  (A") 

1438  vw 

*,  + *,, * 1443  (A')  or  v4  + 
v,  * 1430  (A’) 

1308  vs 

1330(0.2)  dpc 

vI4(A*')  v antisym  CIO, 

1300  (0.3)  p 

»>,(A')  v antisym  CXI, 

1265  s 

1267  (0.5)  p 

v,(A')  v antiaym  CF, 

1241  s 

1240(0.1) 

v,,(A")  v antisym  CF, 

1171  vs 

1169  (0.8)  p 

v,(A')  v sym  CF, 

1074  vw 

*>.  + •',.=  1072  (A’) 

1028  vs 

1031  (7.2)  p 

v4(A')  v sym  CIO, 

914  m 

917(1. l)p 

*,(A’)*C-0 

880  (0.1)  p 

v,  +*<,,*  880  (A’) 

852  vw 

+ v,,  = 851  (A') 
v14  + v,,  = 826  (A') 

829  ww 

724  m 

726  (4.2)  p 

•>.(A')  6 sym  CF, 

706  sh  (PQR) 

708  (5.1)  P 

v7(A')  S antisym  CF, 

660  th 

660  K0.1) 

v14(A")  S antisym  CF, 

615  t 

616  (0.5)  p 

v.(A')  v o-a 
wn(A")  * antisym  CIO, 

568  mw 

570  (0.7)  dp 

560  th 

564  (1.1)  p 

*>,(A') « antisym  CIO, 

512  w 

516  (3.2)  p 

v,,(A') « sym  CIO, 

490  K0.1) 

■'ll  + =494  (A') 

463  ww 

462  (0.2)  dp 

v,,(A")  4 lock  CF, 
vn (A')  i waf  CF, 

339  th 

342  (3.5)  p 

320  dp’ 

*„(A")  4 rock  CK), 

314  mw 

316  (10)  p 

v,,(A‘)  6 in -plane  C-O-a 

178  (0.5)  p 

‘’u(A')  S wag  CIO, 

* In  addition  to  the  listed  infrared  absorptions  very  weak  bands 
were  observed  having  the  frequencies  2635,  2455,  2220,  2195, 1893, 
1780, 1734,  1533,  and  1476  cm  '1  which  can  readily  be  assigned  to 
combination  bands  and  overtones.  * Uncorrected  Raman  intensities 
representing  re'stive  peak  height.  « Qualitative  polarization  measure- 
raent. 

only  observed  for  liquid  or  matrix-isolated  samples.10  In 
the  infrared  spectrum  of  the  gas,  they  generally  appear  as  a 
very  intense, somewhat  broad  band  near  1 300  cm"1  and, 
therefore,  are  assigned  for  CFjOCIO,  to  the  strong  infrared 
band  at  1 308  cm"1  (see  Figure  1).  Furthermore,  it  is  ex- 
pected that  their  Raman  counterparts  would  be  weak.  This 
is  the  case  as  shown  in  Figure  1 . For  the  liquid  also  partial 
separation  into  the  almost  degenerate  components  was  noted . 
The  higher  frequency  band,  1330  cm*1,  appears  depolarized 
and  is  therefore  assigned  to  the  A"  antisymmetric  CIO) 
stretch,  while  the  1 300-cm*1  band  appears  polarized  and 
is  assigned  to  the  corresponding  A’  mode.  The  symmetric 
CIO)  stretching  vibration  is  normally  found  In  the  range 
1060-1000  cm*1 , well  below  the  CF)  stretching  mode  range 


and  is  intense  in  both  the  infrared  and  the  Raman  spectra. 
Since  only  one  intense  band  at  1028  cm*1  is  noted  in  this 
region  in  both  spectra,  it  is  assigned  to  the  symmetric  CIO) 
stretching  vibration.  Further  support  for  this  assignment  is 
the  high  degree  of  polarization1*’"  of  the  band  in  the  Raman 
spectrum. 

For  the  three  CF)  stretching  vibrations,  there  remain 
three  bands  in  the  appropriate  infrared  region  (1265, 1241 , 
1171  cm*1)  all  of  which  are  strong  as  expected.  Conversely, 
they  are  very  weak  in  the  Raman  spectrum  where  it  is  seen 
that  two  of  the  three  are  highly  polarized  and  one  (1240 
cm*1 ) is  probably  depolarized.  The  lower  frequency  polar- 
ized band  (1169  cm*1 ) can  be  readily  assigned  to  the  A' 
symmetric  CFS  stretching  mode  which  agrees  well  with  pre- 
vious assignments.1*’10  The  other  polarized  band  (1267 
cm*1)  is  then  attributable  to  the  antisymmetric  CFS  stretch 
of  species  A'  while  the  corresponding  A"  mode  is  assigned 
to  the  1240-cm*1  band.  Thus  the  cssignment  of  all  of  the 
ax  stretching  vibrations  is  straightforward  and  ran  be  made 
with  confidence. 

Immediately  below  the  region  for  C103  and  CF)  stretching 
motions  is  the  area  in  which  C-0  stretching  vibrations  are 
most  likely1**10  to  occur, /.e.,  approximately  between  1000 
and  900  cm*1 . Figure  1 shows  that  only  one  intense  band 
occurs  in  this  region.  This  band  at  924  cm*1  is  moderately 
intense  in  both  the  infrared  and  the  Raman  spectra,  exhibits 
the  correct  infrared  band  contour  for  an  A'  mode,  and  is 
polarized.  All  of  these  observations  support  its  assignment 
as  the  C-O  stretching  fundamental.  Comparable  C-0  bands 
have  been  reported  at  91 6 cm*1  (average  value)  for  CF3OOO- 
CF,10  and  at  915  cm*1  forCFjOCl.11 

Assignment  of  Deforma tional  Modes.  Inspection  of  the 
literature17,1*’10  reveals  that  for  simple  CFj-containing  mole- 
cules tlie  CF)  deformation  vibrations  occur  in  the  range  of 
720-520  cm*1 . Similarly,  CIOj  compounds7’*’10’11  show 
deformational  modes  in  the  range  600-510  cm'1 . In  addi- 
tion, the  Cl-0  single-bond  stretch  should  occur  in  this  fre- 
quency region.7’’10  Hence,  for  CF30ClO3  we  should  ex- 
pect seven  fundamentals  in  the  frequency  range  720-510 
cm*1  in  excellent  agreement  with  our  observations  (see 
Figure  1 and  Table  I).  Of  the  seven  expected,  five  belong 
to  species  A'  and  two  to  species  A".  The  latter  must  be 
depolarized  in  the  Raman  spectrum  and  arise  from  the  anti- 
symmetric CF)  and  CIO)  deformations.  Of  these  seven  ob- 
served bands,  only  one  band  (570  cm'1)  is  clearly  depolar- 
ized while  five  (726,708, 616, 564,  and  516  cm*1)  are 
polarized  and  for  one  (660  cm*1)  the  polarization  ratio  is 
doubtful  owing  to  its  very  low  intensity.  Since  for  all  of 
the  reported  CIO)  compounds,  the  A"  antisymmetric  defor- 
mation is  moderately  intense  in  both  the  infrared  and  the 
Raman  spectra,  the  more  intense  one  (570  cm*1)  of  the  two 
apparently  depolarized  bands  is  assigned  to  the  A"  antisym- 
metric CIO)  deformation,  and  the  very  weak  one  at  660 
cm*1  is  assigned  to  the  A"  antisymmetric  CF)  deformation. 
The  low  intensity  thereby  attributed  to  thisCF)  mode  is 
not  unusual  since  for  similar  compounds  it  is  sometimes  not 
even  observed.  1*,1J 

In  the  series  of  XOCIO,  compounds  where  X = F,M  Cl,10 
and  Br,10  the  internal  CI-0  single-bond  stretch  results  in 

( 1 9)  K.  O.  Christ*,  Spactrochlm  Acta,  fan  A , 27.  463  (1971). 

(20)  J.  D.  Witt,  J.  K.  Durig,  D.  OriMutiiu.  and  K.  M.  Haramakar. 
lnorj.  Cham.,  12,  107  (1973). 

(2 1 ) C.  J.  Schack  and  W.  Maya,  J.  Amtr.  Cham.  Sac.,  91 . 2902 
(1969). 

(22)  H.  H.  Ctaaaaan  and  t.  H.  Appalmaa.  Imorg.  Cham.,  9,  622 
(1970). 

(23)  P.  M.  Wilt,  Thafia,  VandarbUt  Univanity,  1967. 
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a strong  infrared  band  comparable  in  intensity  to  the  CIO) 
stretching  bands.  As  seen  in  Figure  1 , there  is  only  one 
such  infrared  band  (615  cm'1)  present  in  the  appropriate 
frequency  range  and  hence  should  be  assigned  to  the  Cl-0 
stretching  mode.  The  observed  frequency  for  this  band 
(615  cm'1)  is  only  slightly  lower  than  that  noted  for  the 
related  halogen  perchlorates  (666-646  cm'1).1*14 

We  are  left  now  with  four  unassigned  bands  in  the  720- 
520-cm"1  region.  The  two  higher  frequency  (724  and  706 
cm'1 ) infrared  bands  are  also  appreciably  stronger  than  the 
two  lower  ones  (560  and  512  cm'1).  Furthermore  these 
higher  frequency  vibrations  occur  beyond  the  600-5 10-cm'1 
range  predicted  for  ClOj  deformations.  Therefore,  they 
are  ascribed  to  the  two  unassigned  CF)  A'  deformational 
modes.  Since  the  724-cm'1  band  is  of  higher  intensity  in 
the  infrared  spectrum,  it  is  assigned  to  the  CF,  umbrella 
deformation,  while  the  706-cm*1  band  is  assigned  to  the 
CF)  scissoring  deformation.  These  assignments  are  analog- 
ous to  those  of  other  CF)  moieties1*’10,25  where  similar 
frequency  and  intensity  relationships  have  been  observed. 

By  analogy  with  the  corresponding  CFS  deformations, 
the  ClOj  umbrella  deformation  should  be  more  intense 
than  the  C(0}  scissoring  mode  in  both  the  infrared  and 
Raman  spectra.  Therefore,  the  5 1 2-  and  the  560-cm*1  bands 
are  assigned  to  the  CIO)  umbrella  and  scissoring  modes, 
respectively,  in  good  agreement  with  previous  observa- 
tions.7’*’10  It  should  be  noted  that  for  all  these  com- 
pounds the  frequency  of  the  ClOj  umbrella  deformation 
is  nearly  constant  (5 1 5 ± 6 cm'1)  indicating  this  mode  to 
be  highly  characteristic. 

There  are  five  fundamental  vibrations  left  unaccounted 
for.  Two  of  these  are  the  CF)  and  the  CIO)  wagging  motion 
belonging  to  species  A'.  Another  two  are  the  CF)  ami  Cl- 
O)  rocking  motions  of  species  A".  The  fifth  fundamental 
is  the  C-O-Cl  in-plane  bending  motion  which  will  be  con- 
sidered first.  This  vibration  should  occur  below  500  cm'1 
and  involve  a large  change  in  the  polarizability  of  the  mole- 
cule. It  should  therefore  appear  as  an  intense  Raman  band. 
Since  the  most  intense  Raman  band  in  the  entire  CF3OCIO) 
spectrum  occurs  at  316  cm'1  and  is  polarized,  this  frequency 
must  represent  this  mode.  Neither  the  A’  CFS  wag  nor  the 
A'  CIO)  wag  should  produce  such  a strong  Raman  band. 
Comparable  data  on  similar  motions  in  related  compounds 
are  extremely  limited.  Examples  that  might  be  useful  for 

(24)  H.  Atahifian,  A.  P.  Cray,  and  C.  D.  Vickers,  Can.  J.  Cham., 
40,157(1948). 

(25#  K.  O.  Chriate  and  D.  Niuraann.  Spactrochim.  Acta,  Part  A, 

29.  2017  (1973). 


comparison  are  the  Cl-O-Cl  skeletal  bend  of  0)Ci-0-CK)s 
and  the  0-0-0  bend  in  the  trioxide  CF3OOOCF).  The 
former  has  been  assigned7’*  to  a Raman  peak  at  1 61  cm'1 
while  tire  trioxide  bend20  has  been  attributed  to  a peak  at 
286  cm'1 . Whereas  the  latter  assignment  is  in  excellent 
agreement  with  our  assignment  for  CF)OCiO),  the  former 
might  be  incorrect.  Based  on  our  data  for  CF)0C105,we 
prefer  to  reassign  the  Cl-O-Cl  bend  in  CI3O7  to  the  very 
intense  Raman  band  at  286  cm'1  and  attribute  the  161* 
cm'1  band  to  the  CIO)  wagging  motion  (see  beiow). 

As  has  been  remarked  by  Durig  and  Wertz1*  and  Witt  and 
Hammaker  7 the  precise  assignment  of  -XY3  rocking  mo- 
tions is  difficult  owing  to  the  wide  range  of  frequencies  in- 
volved and  the  paucity  of  data.  Our  assignments  for  the 
modes  are  based  on  the  following  observations:  (i)  the  two 
polarized  Raman  lines  must  represent  the  wagging  (A')  mo- 
tions, and  the  two  depolarized  lines,  the  rocking  (A")  mo- 
tions; (ii)  all  the  assigned  CFS  deformations  have  higher  fre- 
quencies than  the  corresponding  CIO)  modes.  Consequent- 
ly, the  higher  frequency  A'  and  A"  modes  are  attributed  to 
the  CF)  group  and  the  lower  ones  to  the  CIO)  group  (see 
Table  1). 

A band  of  very  low  intensity  was  noted  in  the  Raman 
spectrum  at  490  cm'1  but  was  not  observed  in  the  infrared 
spectrum.  We  do  not  believe  that  this  is  a fundamental, 
although  that  posaibility  cannot  be  completely  ruled  out. 
it  could  be  due  to  a combination  (»•))  + p,)  = 494  cm'1)  or 
perhaps  an  impurity. 

Summary 

The  observed  infrared  and  Raman  spectra  of  CF3OCK)) 
are  in  excellent  agreement  with  a structure  of  symmetry  C, 
containing  a covalent  monodentate  perchlorato  group.  The 
dose  agreement  between  the  infrared  frequendes  of  the  gas 
and  the  Raman  frequendes  of  the  liquid  indicate  that  no 
appreciable  association  occurs  in  the  liquid  phase.  Observa- 
tion of  two  separate  antisymmetric  stretching  modes  for 
both  the  CF)  and  the  CIO)  groups  indicates  hindered  rota- 
tion for  both  groups.  Except  for  the  two  torsional  modes, 
all  predicted  fundaments  were  observed  and  assigned  and 
indicate  the  need  for  reassigning  the  two  lowest  frequency 
vibrations  in  CljOT. 
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The  tow-temperature  infrarad  and  Hainan  tpectrr  of  UNO,),  and  the  Raman  spectra  of  liquid  CKJNO,,  FONO,,  F'NQ, , 
and  Cl  NO,  have  been  recorded.  Comparison  of  the  vibrational  spectra  within  the  aeries  NO,,  FNO,,  CtNO,,  I'ONO,,  and 
CIO  NO,  allows  unambiguous  assignments  for  the  halogen  nitrate  molecules.  Raman  polarisation  meaauremeats  show  that 
feriaatofM  nitrates  the  halogen  atom  la  perpendicular  to  the  ONO,  plane  contrary  to  previous  assumptions  and  to  the 
Ichotvn  planar  structure  of  HO  NO,  and  CH,Of*0,.  The  viotaiioMai  w-ecuum  or  i(NO,),  is  consistent  with  predominantly 
covaicdt  nitntp  ligands.  However,  the  complexity  of  the  spectrum  inggriti  a polymeric  structure  with  bridging  nitrato 
groups.  Experimental  evidence  was  obtained  for  the  formation  of  the  new  and  thermally  unstable  compound  CF,I(N0,), 

' in  the  CFjI-QONO,  system.  Attempts  to  convert  this  compound  into  CF,ONO,  were  unsuccessful. 


fttiuductioa 

Highly  electronegative  group*  such  as  perchlomtes,  nitrates, 
fluorosulfates,  or  trifluoroacetates  can  be  considered  as  pseu- 
dohalides. As  such  they  either  can  form  stable  anions  in  the 
presence  of  suitable  cations  or  can  act  as  covalent  ligands 


particularly  when  bonded  to  highly  electronegative  elements 
such  as  the  halogens  or  oxygen.  Whereas  the  vibrational 
spectra  of  the  free  anions  are  relatively  well  understood, 
those  of  the  corresponding  covalent  ligands  have  only  recent- 
ly received  more  attention.  Reliable  spectra  and  assignments 
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are  now  available  for  covalent  perchlorates,1'1  trifluoroace- 
tates,4  and  fluorosulfates.5'7  In  spite  of  extensive  infrared 
spectroscopic  studies  on  halogen  nitrates,*'11  a recent  paper, 
reporting  the  vibrational  spectrum  of  CF3OONOJf  demon- 
strates12 how  poorly  understood  these  spectra  are  at  present. 

The  question  whether  the  halogen  atom  in  XONOj  is  co- 
planar  or  perpendicular  with  respect  to  the  ONOa  plane  add- 
ed further  interest  to  our  study.  The  consensus9'11  appears 
to  favor  coplanarity  based  on  analogy  with  the  planar  struc- 
tures established  for  the  related  molecules  HONOau  and 
CHj0N0a.14  However,  the  assumption  of  a planar  struc- 
ture for  the  halogen  nitrates  is  against  our  intuition.  Simi- 
larly, Pauling  and  Brockway  suggested11  for  FONOj  a non- 
planar  structure  based  on  low-precision  electron  diffraction 
data,  although  a planar  structure  could  not  be  ruled  out. 
Raman  polarization  measurements  should  clearly  distinguish 
between  a planar  and  a nonplanar  structure  provided  that 
unambiguous  assignments  are  available.  For  this  purpose 
Raman  data  were  also  required  for  the  closely  related  nitryl 
halides. 

Another  objective  of  this  study  was  to  characterize  I(N- 
0,)j.  This  interesting  compound  was  first  prepared  by 
Schmeisser  and  Braendle.14  It  is  unstable  above  0°  and  no 
data  concerning  its  structure  have  been  published.  Attempts 
were  also  made  to  synthesize  the  novel  covalent  nitrate  CFj- 
ONOj  which  led  to  the  synthesis  of  the  novel  compound 
CF3l(N03)a. 

Experimental  Section 

Caution!  Fluorine  nitrate  it  thock  sensitive. 

Material  and  Apparatus.  Volatile  materials  used  in  this  work 
were  manipulated  in  a well-passivated  (with  C1F,)  stainless  steel  vac- 
uum line  equipped  with  Teflon  FEP  U traps  and  316  stainless  steel 
bellowtieal  valves  (Hoke,  Inc.,  4251  F4Y).  Pressures  were  measured 
with  a Heise  Bourdon  tube-type  gauge  (0-1500  mm  ± 0.1%).  Nitryl 
chloride,1’  CIONO,,"  and  FNO,‘°  were  prepared  by  literature  meth- 
ods. Fluorine  nitrate  was  prepared  by  direct  fluorination  of  KNO, 
in  a stainless  steel  cylinder. 1 1 The  purity  of  volatile  materials  was 
determined  by  measurements  of  their  vapor  pressures  and  infrared 
spectra.  Solid  products  were  handled  in  the  dry  nitrogen  atmos- 
phere of  a glove  box. 


(1)  K.  O.  Christe,  C.  1.  Schack,  and  E.  C.  Curtis,  Inorg.  Chtm., 

10.  t SK9  (1971). 
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The  infrared  spectra  were  recorded  on  a Perkin-Elmer  Mode)  457 
spectrophotometer  in  the  range  4000-250  cm"1.  The  spectra  of 
gates  were  obtained  using  304  stainless  steel  cells  of  5 -cm  path  length 
fitted  with  AgCl  windov's.  The  tow-temperature  spectrum  of  KNO,), 
was  obtained  as  a dry  powder  between  Csl  plates  it  -196*  using  a 
low-temperature  transfer  technique  similar  to  one  previously  report-  1 

ed,10  The  instrument  war  calibrated  by  comparison  with  standard 
calibration  points.11 

The  Raman  spectra  were  recorded  on  a Cary  Model  83  spectro- 
photometer using  the  4880-A  exciting  line  and  a Oaasten  fitter11  for 
the  elimination  of  plasma  lines.  Sealed  quartz  tubes  (3-mm  o.d.) 
were  used  as  sample  containers  in  the  transverse-viewing,  traiuversc- 
exdtation  technique.  The  low-temperature  Raman  spectra  were 
recorded  using  a device  similar  to  one  previously  described.11  Polar- 
ization measurements  were  carried  out  according  to  method  VIII 
listed  by  Claassen,  et  al. 11 

Preparation  of  KNO,),.  Retublimed  I,  (1.005  mmol)  was  placed 
into  a Teflon  FEP  tube  fitted  with  a stainless  steel  valve.  Freshly 
fractionated  CIONO,  (8.20  mmol)  was  condensed  into  the  tube  at 
-196°.  The  mixture  was  kept  at -45*  for  1 week.  The  materials, 
volatile  at  -45*.  were  removed  in  vacuo  and  separated  by  fractional 
condensation.  They  consisted  of  unreacted  CIONO,  (2.20  mmol) 
and  Cl,  (3.01  mmol)  in  excellent  agreement  with  the  values  calculat- 
ed for  a quantitative  conversion  of  I,  to  I(NO,),.  The  nonvolatile 
residue  was  s fluffy  light  yellow  solid  which  decomposed  above  0* 
under  dynamic  vacuum  yielding  N,0,  (2.05  mmol)  and  a tan  solid 
residue.  This  residue  gradually  decomposed  further  as  evidenced  by 
the  buildup  of  NO,-  stored  fumes  above  the  solid.  An  infrared  spec- 
trum of  the  solid  after  several  weeks  of  storage  at  25*  did  not  show 
any  absorptions  characteristic  for  N=0  double  bonds. 

The  OONO,-CF,I  System.  Chlorine  nitrate  (4.02  mmol)  and 
CF,1  (1.75  mmol)  were  combined  at  -196*  in  a 30-ml  stainless  steel 
cylinder.  The  reactor  war  slowly  warmed  to  -45°  and  kept  at  this 
temperature  for  6 days.  Recooling  to  -196°  did  not  show  any  non- 
condensabie  material.  Products  volatile  at  -78°  were  removed  in 
vacuo  and  separated  by  fractional  condensation.  They  consisted  of 
unreacted  CIONO,  (0.40  mmol)  and  Cl,  (1.79  mmol)  in  good  agree- 
ment with  the  amounts  expected  for  a quantitative  conversion  of 
CF,I  to  CF.KNO,),.  Warming  of  the  solid  residue  to  25°  yielded 
N,0,  (1.14  mmol),  COF,  (1.07  mmol),  and  CF,I  (0.65  mmol)  in  j 

addition  to  219  mg  of  a sticky  solid  residue  of  varied  orange  color.  - 

Remits  and  Discussion 

Synthesis  and  Properties.  The  interaction  between  I3  and 
excess  ClONOj  at  -45°  produced  I(NOs)s  in  quantitative 
yield  according  to 

I,  + 6CIONO,  - 2I(NO,),  + 30, 

Thus,  this  reaction  offers  an  excellent  route  to  high-purity 
I(N03)3.  contrary  to  a previous  statement1*  that,  although 
I(N03)  j is  formed  in  this  system,  it  is  not  of  synthetic  use- 
fulness. 

The  properties  and  thermal  instability  observed  for  I(N- 
03)3  are  in  good  agreement  with  those  previously  reported1* 
for  the  product  obtained  from  the  IC13  + C10N03  reaction. 

The  evolution  of  1 mol  of  N303/mol  of  I(N03)3  in  the  ini- 
tial stage  of  the  thermal  decomposition  indicates  the  possible 
formation  of  OINOj  as  an  intermediate  of  marginal  stability 
at  0° 

UNO,),  - OINO,  + N,o, 

The  subsequent  slow  decomposition  of  this  intermediate 
involves  a redox  reaction  in  which  the  +V  nitrogen  is  reduced 
to  the  -HV  state  (NjO*)  with  simultaneous  oxidation  of  the 
-Fill  iodine.  This  observation  it  in  excellent  agreement  with 
the  thermal  decomposition  of  I(OCK)3)3  which  yields  C1203, 
lower  chlorine  oxides,  and  IjOj.1 

(20)  K.  R.  Loot,  V.  A.  Cxntptnllt,  xml  C.  T.  Gortichvl,  Spectra-  . 
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(23)  F.  A.  MUtr  tad  B.  M.  Htmty.  Appt.  Spactrotc..  24, 291 
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In  the  CF3I-CIONO2  system,  the  observed  material  balance 
is  in  good  agreement  with  the  reaction 

CF,I  + 2QONO,  -*  CF,I(NO,),  + a, 

Again  the  observation  of  such  an  intermediate  is  in  excellent 
agreement  with  the  closely  related  CICCIO3  reaction  chemis- 
try. Thus,  the  interaction  of  R*I  with  CIOCIO3  produced 
RfKClOa)*.14  When  R<  was  (CFjfcCF  or  /i-C7F»,  the  RfI- 
(C104)j  intermediate  was  successfully  isolated.  At  40°,  the 
/i-C7F  1*1(0104)3  could  be  converted  into  Rf0C10}  by  vac- 
uum pyrolysis.  For  R*  = (CF3)2CF,  however,  vacuum  pyroly- 
sis at  10S°  resulted  exclusively  in  decomposition  products. 

For  R»  = CF3,  the  CFsKGCUk  intermediate  was  not  isolat- 
ed; however,  a quantitative  yield  of  CF3OCIO3  was  obtain- 
able at  — 454.14*"  Therefore,  it  appeared  interesting  to  de- 
termine whether  the  novel  compound  CF3ONO2  could  be 
prepared  by  controlled  decomposition  of  CF 3I(N03)2 . No 
evidence  for  CFS0N02  could  be  obtained,  but  CF3I  and 
about  equimolar  amounts  of  N2Os  and  COF2  were  formed. 

Tlte  observation  of  CF3I  as  a decomposition  product  is 
interesting.  A plausible  explanation  for  its  formation  can 
be  offered.  For  Rf I(C104)i , Raman  spectra  support114  the 
ionic  structure  [(Rt)2l]*|I(C104)4]'.  IfCF3l(N03)2  had 
the  analogous  ionic  structure  [(CF3)2l]*{I(NOj)4]',  as  much 
as  50%  of  the  originally  used  CF31  might  be  recovered  in  the 
thermal  decomposition  of  such  an  intermediate.  The  diffi- 
culty in  obtaining  CF3ONO2  indicates  that  this  compound 
might  be  relatively  unstable  toward  decomposition  into 
COFa . This  is  in  good  agreement  with  previous  studies*2 
aimed  at  the  synthesis  of  RfONOj . 

Vibrational  Spectra.  Figure  1 shows  the  Raman  spectra 
of  ClNOj.  FNO2,  CIONO2,  and  FONO2  and  the  infrared  and 
the  Raman  spectrum  of  I(N03)3.  The  observed  frequencies 
are  listed  in  Tables  I and  II. 

Before  the  assignment  of  the  fundamentals  of  the  halogen 
nitrate  molecules  can  be  discussed  in  more  detail,  it  must  be 
established  whether  XONOa  has  structure  I or  II,  ie.,  wheth- 
er X is  perpendicular  to  or  copianar  with  the  ONO2  plane. 


I U 


Whereas  in  HONO2  intramolecular  hydrogen  bridging  should 
favor  planarity,  in  KalONOj  the  expected  mutual  repulsion 
between  the  halogen  and  the  two  oxygen  atoms  should  favor 
the  perpendicular  model. 


Raman  spectroscopy  should  readily  distinguish  between 
models  I and  11.  Both  models  possess  symmetry  C,  and 
nine  fundamentals,  but  for  model  I three  of  the  fundamen- 
tals are  antisymmetric  with  respect  to  the  symmetry  plane, 
ereas  for  model  II  only  two  modes  are  antisymmetric. 

(J4)  l\  J.  Sc  hack.  D.  PtUpovich,  and  K.  O.  Chriett,  tnorg.  Chtm., 
fit  fiw 

C.  J.  Schack,  D.  Pilipovich,  and  K.  O.  Chrtata,  tHOrg.  NucL 
'Chtitk&tt..  10.  *49(1974). 

- Tittle  and  G.  H.  Cady,  htorg.  Chtm.,  4,  JS9  (1965). 
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cm'1.  Trices  A and  B were  recorded  with  parallel  and  perpendicular 
poUruationi,  respectively.  The  inserts  represent  the  weaker  band* 
recorded  at  higher,  sensitivity  and  larger  slit  width.  Polarized  and  de- 
polarised bands  are  marked  by  p and  dp,  respectively. 

One  mode  which  for  model  1 belongs  to  spedes  A"  and  for 
model  II  belongs  to  spedes  A'  is  the  antisymmetric  NOj 
stretching  vibration.  Since  m,  question  exists  concerning 


Table  1.  Fundamental  Vibrationa  of  NOj.ClNO,,  FNO„  FONO„ and  CIONO; 


2814  Inorganic  Chemistry,  VoL  13,  No.  12, 1974 


(2 


i? 


§•- 


a® 

■o 

o 


00  © 
<N  ^ 

r-  <s 


<s 

^ *-<i 
vn  rs 
cn  O' 
t-  <N 


^ o 

© <N 
\D  O 
O HI 


O'-  o 

f*>  — ■ 

O'  r? 
tr>  O 
r-  hi 


vo  vr> 
r-  »-i 

o d 


goo 
o 
oo  m 


?o;6 

xil 

'O^rS 


0"0  ~ 
r-  cn  no 

t-  wo 


EE- 

r~^c4  ^ 

© *■  © 
00  oo  VD 

-#■  wo 


OH  W 

*1o^ 

°X° 

t°~  © *-■ 
— * HO 

W s— > w 

gr*  ^ 
wo 

00  **  Vfi 


o 

■*; 

o 


* 

E 


• — i — ; 


$ 


v©  <n  r-  ho  ^ 


- _ O 

Q 5 S 


.6 


© 

°«r 

© 


N© 

© 


00 

© 


E E 


3SS 
00  ^ 


© HO 

5 ®:  s 

C g s 

<N  — 

W -W  ''v- 

O wo  © 

— « wo  -^r 

oo  wo  r» 


:z  z*  I 


r4  © cn  oo  © 

O'-*  <N  \D  'O 

r-  ro  oc  Wo  WO 


* o 

wo  p-  cs 
wS  <NO  o wo 
0-^6^ 
w © © - © o 
*“v  - S’  * 

W W^Sw  W w 
© OO  OH'  © -« 
H r-H  V©  00  N 

\©w«r* 


s'ors£ 

5o  o’ 

HO  ^ a 


E 

t- 


» “ ^ k 

® A 

< '■<  < < '< 

£ £ iii 

to  •<  <■<  » 

-0  'O  o; 

A 2.  4. 

« < < 


00  a 

O'  r~  ^ 

ss  Ci 

2£  § 
00  fM  Z 


s § 

lllll 

fSflj 

? 5f  1 8 

lllll 


— o — 


S! 


<<  < 


r»**o 

O ? 2 , 


.5 

8, 


II  lllll  lilil 

a?  aT  «o  S •©  o 5 *c 


afiJ  £ J5  .c 

I ® a S 3 

I*  It* 

Sif  40 

«o  JS  D.  v w 

!«jl 

lllll 

■5  - - Bus 

Ihll 


Christe,  Schtck,  and  WiUon 


Table  II.  Low-Temperature  Infrared  (- 196°)  and  Raman  (-90°) 
Spectra  (cm'1)  of  Solid  I(NO,), 


Ir 

Raman 

lr 

Raman 

1734m 

1734  (6) 

837  m 

830  (10) 

1715  m 

1718  (7) 

80S  m 

803(18) 

1649  m 

1649  (11) 

793  m 

791  (13) 

1587  w,ah 

1588  (3) 

780  w 

1568  m 

1572(18) 

775  w 

775  ah 

1550  m 

1551  (6) 

754  mw 

752  (57) 

1485  ah 

1489  (5) 

729  m 

729  (50) 

1457  m 

1459  (6) 

720  ah 

1400ah.br 

1402  (4) 

710  w 

1313  w 

702  w 

702  (22) 

1300  ah 

1301  (10) 

690  m 

690  (4) 

1270  vt 

1267 (34) 

629  ma 

627  (9) 

1250  w 

1249  (5) 

549  ah 

1024  mw 

1021  (11) 

525  mw 

524  (14) 

1010  w,  ah 
979  vw 

1008  ah 

512  mw 

498  (7) 

967  mw 

966  (3) 

490  w 

950  ah 

950  ah 

478  w 

906  m 

902  (1) 

370  mw 

370  (100) 

863  w 

335  m 

280  m 

255  m 

332  (60) 

310  (93) 

282  (4) 

255  (30) 

the  assignment  of  this  mode,  its  Raman  depolarization  ratio 
should  answer  the  planarity  question.  Figure  1 and  Table  I 
show  that  in  FONOj  the  antisymmetric  NOa  stretch  is  clear- 
ly depolarized  and,  hence,  the  fluorine  atom  is  not  coplanar 
with  the  rest  of  the  molecule. 

Additional  support  in  favor  of  model  I can  be  derived  from 
polarization  data  on  the  XNO?  deformational  modes.  For 
model  I the  0N02  in-plane  deformation  should  be  depolar- 
ized, whereas  for  model  II  the  depolarized  band  should  be 
the  ON02  out-of-plane  deformation.  Application  of  this 
criterion,  however,  requires  reliable  assignments  for  these 
modes  which,  as  stated  above , were  not  available  owing  to  i 

an  almost  complete  tack  of  Raman  data  on  these  and  related 
molecules.  As  can  be  seen  from  Figure  1 and  Table  1,  the 
combination  of  previously  reported  infrared  data  (including 
14N-,sN  isotopic  shifts)11, 27 ,M  with  the  Raman  spectra  of 
this  study  allows  unambiguous  assignments  for  all  fundamen- 
tals of  F0N02  and  C10N02.  These  results  convincingly 
show  that  the  0N02  in-plane  deformation  is  depolarized 
and  that  the  corresponding  out-of-plane  mode  is  polarized 
in  agreement  only  with  model  1. 

Since  the  assignments  for  the  halogen  nitrates  are  self-evi- 
dent from  the  data  given  in  Table  1,  we  can  limit  ourselves 
to  a comparison  with  previously  reported  assignments  and 
some  specific  comments.  For  C1N02  only  one  previous  ref- 
erence to  a Raman  study  was  found  in  which  only  one  very 
wide  diffuse  line  centered  at  about  360  cm'1  was  observed?* 

The  observation  of  a depolarized  line  at  41 1 cm'1  in  the 
present  study  confirms  the  previous  assignment  of  this  fre- 
quency to  v5(Bi)  based  on  microwave  data.30 

Similarly,  our  Raman  data  for  FN02  are  in  excellent  agree- 
ment with  the  previous  assignment17  which  had  been  con- 
firmed by  a microwave  study.31  The  observed  relative 
Raman  intensities  and  depolarization  ratios  of  v2  and  v3, 
when  compared  to  the  remaining  molecules  of  Table  I,  sup- 
port the  conclusion17  reached  by  Bernitt,  et  al,  concerning 
the  identity  of  v3  and  v3.  On  the  basis  of  the  observed  14N- 


(27)  D.  L.  Bernitt,  R.  H.  Miller,  end  I.  C.  Hiiettuoe,  SptctroeMm. 
Acta,  Fkrt  A,  23,  237  (l»67). 

(28)  E.  T.  Arekewa  end  A.  H.  Nieleen,  /.  Mol  Spactrotc.,  2,  413 
<!*»»). 

(29)  R.  Ryason  and  M.  K.  WUeon,  S.  Cham.  Phyt.,  22,  2000 
(1954). 

(30)  Y.  Morino  end  T.  Tanaka,  J.  Mol  Sptctrotc.,  1 4,  179  (1943). 

(31)  T.  Tanaka  and  Y.  Morino,/.  Mol  Spactroac.,  32,  430(1949). 
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,5N  isotopic  shifts,  they  chose  from  the  two  possible  force 
fields37'**  the  one  which  results  in  v2  being  mainly  the  NOs 
scissoring  and  v3  being  mainly  the  NF  stretching  mode.  A 
Raman  spectrum  of  liquid  FN02  has  previously  been  report- 
ed** and  is  in  fair  agreement  with  our  data.  Two  weak  fea- 
tures at  470  and  710  cm'1 , respectively,  in  our  Raman  spec- 
trum of  FNOj  require  some  comment.  Both  were  also  ob- 
served previously,**  but  the  470-cm'1  line  was  subsequently 
ascribed,17  together  with  a line  at  926  cm'1 , to  F0N02  im- 
purity. Since  our  spectrum  does  not  show  any  line  at  about 
930  cm'1 , a different  explanation  for  the  470-cm'1  band  is 
required.  It  could  possibly  be  due  to  the  difference  band 
»>,  - 1>2  which  could  have  borrowed  intensity  from  v3  through 
Fermi  resonance.  The  very  weak  polarized  feature  at  about 
710  cm'1  might  similarly  be  explained  by  Fermi  resonance 
between  v2  and  tq  - v3. 

For  ClONOj  an  incomplete  Raman  spectrum  has  previous- 
ly been  reported. 11  The  five  frequencies  listed  are  in  good 
agreement  with  our  results.  However,  no  polarization  data 
were  given  and  the  fundamentals  were  assigned  on  the  basis 
of  the  incorrect  planar  model  II.  Both  of  the  two  most  re- 
cent assignments  reported1 1,13  for  C10N02  need  revision. 
Hohorst  and  DesMarteau  assigned  three  and  Miller,  etaL, 
two  fundamentals  incorrectly.  Both  corrections  involve  the 
mode  of  greatest  interest,  the  N-0  stretching  mode.  The 
data  of  Table  I (in  particular  the  14N-15N  isotopic  shifts  and 
the  polarization  data)  indicate  that  the  similar  frequencies 
of  the  NOi  scissoring  and  the  O-Cl  stretching  modes  cause 
a strong  mixing  of  the  corresponding  symmetry  coordinates. 
The  frequency  of  140  cm'1  observed  for  the  N-OC1  torsion- 
al mode  results  in  a barrier  to  internal  rotation  of  10.40  kcal 
mol'1  in  good  agreement  with  previous  estimates  and  the 
value  of  10.23  kcal  mol" 1 found  for  FON02.“ 

For  FONOj  no  Raman  data  have  been  published  except 
for  the  impurity  bands*3  in  the  spectrum  of  FN02  which 
were  attributed  by  others11  to  FON02.  By  analogy  with 
GONOj  (see  above),  the  previous  assignments11,13  need  re- 
vision for  three  and  two  fundamentals,  respectively. 

Several  general  aspects  deserve  emphasis.  (1)  Whereas  the 
XNOj  out-of-plane  deformation  is  of  very  low  intensity  in 
the  Raman  spectra  and  therefore  difficult  to  detect,  its  first 
overtone  was  generally  observed  as  a reasonably  intense 
Raman  band.  This  allows  reliable  identification  of  this  fun- 
damental. (ii)  The  symmetric  N02  stretch  and  the  N02 
scissoring  mode  have  very  cliaracteristic  frequencies  and  oc- 
tal) A.  M.  Mint,  C.  CerzoU,  and  L.  Ferretti,  J.  Chem.  Phys.,  49, 
2775  (1968). 

(33)  R.  E.  Dodd,  J.  A.  Roife,  and  L.  A.  Woodward,  Trans.  Fara- 
day Soc.,  52.  145  (1956). 
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cur  in  the  ranges  1285-1 300  and  780-820  cm'1 , respective- 
ly. Therefore,  these  two  modes  are  useful  for  identifying 
XN02  groups.  The  XNOa  out-of-plane  deformation  is  mod- 
erately dependent  and  the  corresponding  in-plane  deforma- 
tion is  strongly  dependent  on  the  mass  of  X.  The  large  14N- 
1SN  isotopic  shifts  (17-20  cm'1)  observed  for  the  XN02  out- 
of-plane  deformation  indicates  that  in  this  mode  mainly  the 
N atom  moves,  i.e , swings  through  the  X02  *vlane.  (iii)  The 
NX  stretching  mode  occurs  for  all  compounds  at  a surprising- 
ly low  frequency,  Le.,  370-570  cm*1 . This  is  in  agreement 
with  the  known  thermal  instability  of  these  compounds. 
Contrary  to  the  N-O  stretching  modes,  the  O-Hal  stretching 
modes  occur  in  their  usual  frequency  range.  They  exhibit 
frequencies  much  higher  than  those  of  the  N-O  stretches 
indicating  that  the  N-O  single  bond  is  by  far  the  weakest 
bond  in  C10N02  and  FON02. 

The  low-temperature  spectra  of  I(N03)3  (see  Figure  1 and 
Table  II)  clearly  show  that  the  compound  is  not  ionic.  In 
the  higher  frequency  range  three  clusters  of  bands  centered 
at  about  1570, 1270,  and  800  cm'1 , respectively,  occur,  in- 
dicating the  presence  of  covalent  nitrato  group.  However, 
the  number  of  individual  bands  within  these  clusters  is  too 
high  and  they  are  distributed  over  too  wide  a frequency 
range  to  be  comfortably  accounted  for  by  a simple  in-phase, 
out-of-phase  coupling  of  the  motions  of  monodentate  or 
bidentate  ligands.3,34  It  seems  more  reasonable  to  explain 
the  complexity  of  the  spectra  by  a polymeric  structure  in- 
volving bridging  ligands  as  was  previously  suggested  for  the 
closely  re.ated  compounds  I(C10«)33  and  I(S03F)3.6  We 
suggest  tentative  assignments  of  the  clusters  to  the  following 
types  of  vibrations:  1750-1450  cm'1 , antisymmetric  N02 
stretches;  1300-1200  cm'1 , symmetric  N02  stretches;  830- 
780  cm'1 , N02  scissoring;  750-690  cm'1 , IO  stretches;  370- 
300  cm'1 , N-O  stretches.  The  significant  decrease  in  the 
N-O  stretch  frequencies,  when  compared  to  those  in  FONOj 
(457  cm'1)  and  C10N02  (436  cm'1),  indicates  increasing 
polarity  of  the  Hal-0  bonds  within  this  series.  This  is  gen- 
erally true  for  related  compounds  and  is  caused  oy  the  in- 
creasing electronegativity  difference  between  the  halogen 
and  the  ligands  with  increasing  atomic  weight  of  the  halogen. 
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The  reaction!  of  pure  ozone  with  a series  of  covalent  hypohalites  were  examined.  With  0000,,  CK)SO,F,  BiONO,,  and 
BrOOO,  oxidative  oxygenations  of  the  terminal  halogen  occurred  giving  respectively  0,0000,,  0,C10S0,F,0, BiONO,, 
and  the  new  compound  O , BrOOO , . Similar  conditions  with  CIONO,  produced  exclusively  NO,  *O04 *,  constituting  a new 
synthesis  of  this  powerful  oxidizer.  With  C10CF,  and  BrOSO,F  no  oxidation  was  noted.  For  comparison,  chlorine  dioxide 
was  also  oxidized  to  chlorine  hexoxide  using  the  same  experimental  conditions.  The  nature  of  the  products  prepared  by 
different  methods  and  all  having  the  empirical  composition  C1,04  was  investigated  by  mass  and  infrared  matrix-isolation 
spectroscopy.  It  is  concluded  that  above  its  melting  point  “C1,0(  ” has  the  oxygen-bridged  chloryl  perchlorate  structure 
0,Q0CK>,.  The  infrared  spectrum  of  matrix -isolated  CIO,  was  also  recorded  and  its  '’Q-'’C1  isotopic  shifts  were  meas- 
ure j. 


Introduction 

Covalent  hypohalite  compounds  are  highly  reactive  and 
synthetically  useful  reagents.1  However,  nearly  all  of  the 
known  chemistry  of  these  materials  centers  on  their  reactions 
involving  cleavage  of  the  halogen-oxygen  bond . For  exam- 
ple, Br0S03F  was  used2  to  replace  the  chlorines  in  CCL» 
giving  C(0S02F)4 , while  ClOSOjF  was  employed3  to  pro- 
duce CIOCIO3  from  CsC104 . In  other  cases,  C10S03F4  and 
ClOClOj5  wereriiown  to  add  across  olefinic  double  bonds 
forming  CI-t^-^QSOjF  and  Cl-<j!-6-0C10j  derivatives.  It 
appeared  interesting  to  synthesize  the  corresponding  halites, 
halates,  or  perhalates  by  oxidative  oxygenation  of  the  ter- 
minal halogen.  The  only  report  of  such  an  oxidation  was 
given  by  Schmeisser  and  Taglinger4  on  the  ozonization  of 
BrON02  at  -78°  according  to 

BtONO,  + 20,  -»  O, BiONO,  + 20, 

This  successful  synthesis  of  bromyl  nitrate  suggested  the 
possibility  of  carrying  out  similar  reactions  of  Oj  with  other 
XO  species.  Accordingly,  we  examined  the  reactions  of 
ozone  wit  h ClOClOj , C10SO,F,  CIONO 3 , CIOCF, , BrOClO, , 
and  BrOSOjF.  For  comparison,  the  known4,7  oxidative 
ozonizations  of  BrONOj  and  CK>3  were  carried  out  under 
our  reaction  conditions. 

Experimental  Section 

Apparatus  and  Materials.  The  equipment  used  in  this  work  has 
previously  been  described.*  Mass  spectra  were  recorded  on  a Quad 
300  (Electronic  Ataodates,  Inc.)  quadrupole  mass  spectrometer 
using  a passivated  all  stainless  steel  inlet  system.  Infrared  spectra 
were  recorded  on  a Perkin -Elmer  Model  437  spectrometer  using  the 
previously  described  matrix-isolation  technique.’  Literature  methods 
were  uaed  to  synthesize  aOCK>„‘  CIO  SO,  F,*  aONO,,1*  CIOCF 
<30,, 11  BiOCK),,1’  and  BiONO,.’  Since  hypobre-mites  cannot  be 
transferred  without  decomposition,  they  were  synthesized  directly 

(1)  K.  Dehnlcke,  CMmie,  27.  309  (1973). 

(2)  D.  D.  DetMartwu,  Inot y.  Chem.,  7, 434  (1968). 

(3)  C.  J.  Sc  hack  and  D.  Pilipovich,  htorg.  Chem.,  9,  1387  (1970). 

(4)  W.  P.  GUbraath  and  G.  H.  Cady,  htorg.  Chem.,  2,  496  (1963). 

(5)  C.  J.  Schack,  D.  PlUpovich,  and  1.  F.  Hon,  htorg.  Chem.,  12, 
897(1973). 

(6)  M.  Schmalsaar  and  L.  Tagllniar,  Chem.  Bet.,  94,  1 533  (1961). 

(7)  H. ).  Schumacher  and  G.  Stkger,  Z.  Anorg.  AUg  Chem.,  184, 
272  (1929). 

(8)  C.  J.  Schack  and  R.  D.  Wilson,  Inorg.  Chem.,  9,  31 1 (1970). 

(9)  K.  ().  Christ*  and  D.  Pilipovich,  J.  Amer.  Chem.  Soc.,  93,  S 1 
(1971). 

(10)  C.  J.  Schack, htorg.  Chem.,  6,  1938  (1967). 

( 1 1)  C.  J.  Schack  and  W.  Maya.  J.  Amer.  Chem.  Soc.,  91,  2902 
(1969). 

(12)  W.  S.  Hutchinson  and  R.  i.  Derby  .ltd.  Eng.  Chem.,  37, 
813(1945). 

(13)  C.  1.  Schack,  K.  O.  Christ*,  and  R.  D.  Wilson,  htorg.  Chem., 
10,  1078(1971). 


in  tlie  ozonization  vessel  from  Br,  or  BrCl  and  a slight  excess  of  the 
con  eiponding  hypochlorites.  The  undesired  by-products  and  Im- 
purities were  removed  prior  to  addition  of  solvent  and  ozone. 

Ozone  was  prepared  by  glow  discharge  of  O,  (Matheson  Co.)  in 
a Pyrex  U tube  cooled  with  liquid  nitrogen.  A 1 3-k V power  supply 
provided  the  discharge  through  internal  copper  electrodes  and  the 
conversion  of  O,  to  O,  was  followed  mano metrically.  After  volu- 
metric measurement,  the  O,  was  immediately  loaded  into  a precooled 
reactor.  Approximately  1 mmol  of  O,  was  obtained  from  each  batch. 
Larger  quantities  could  be  easily  prepared  but  were  avoided  for  safety 
considerations. 

General  Method.  Essentially  the  same  technique  was  applied  in 
all  the  reactions.  The  freshly  prepared,  purified,  and  measured 
hypohalite  was  placed  in  the  reactor  at  -196’.  Solvent  CF,C1  or 
CFC1,,  when  used,  was  added,  followed  by  a measured  amount  of 
O,  both  being  condensed  into  the  reactor  cooled  to  -196*.  The 
closed  reactor  was  maintained  at  the  desired  reaction  temperature 
in  a freezer  for  a specified  period.  Subsequently,  the  reactor  was 
recooled  to  - 196*  and  the  by-product  O,  pumped  away  and  meas- 
ured. Solvent,  unreacted  starting  material,  and  products  were  sepa- 
rated by  fractional  condensation  in  a series  of  U traps  coolsd  to  ap- 
propriate temperatures.  Product  identification  was  based  on  com- 
binations of  infrared  and  mass  spectroscopy,  vapor  pressure  meas- 
urements, and  elemental  analyses. 

Discussion 

Caution!  Most  of  the  hypohalites  employed  in  this  study 
are  potential  explosives.  Also,  the  use  of  pure  ozone  can  be 
hazardous  and  two  explosions  were  encountered  with  it. 
Safety  precautions  must  be  adhered  to  when  working  with 
these  materials  and  the  reactions  should  be  limited  a milli- 
mole scale. 

The  results  of  representative  reactions  are  summarized  in 
Table  I.  The  nature  of  the  reactor  (Le.,  304  or  316  stainless 
steel  cylinders  and  FEP  Teflon  or  sapphire  tubes  all  equipped 
with  stainless  steel  valves)  did  not  appear  to  influence  the 
course  of  the  reactions. 

The  CWCK^-Oj  System.  For  chlorine  perchlorate  it  was 
found  that  oxidation  occurred  under  a variety  of  conditions 
according  to  the  equation 

aoao,  + 20,  - o.cioao,  + 20, 

A virtually  quantitative  conversion  of  ClOClOj  to  C130*  was 
achieved  as  was  also  established  by  a very  good  oxygen  ma- 
terial balance.  When  short  reaction  times  were  used,  most 
of  the  unreacted  Oj  could  be  recovered  undecomposed.  This 
indicates  that  each  03  molecule  contributed  only  one  oxygen 
atom  to  converting  CI304  to  C130*.  Large  excess  of  0*  did 
not  cause  any  further  oxidation  of  03C10CK)j.  Thus.Oj- 
ClOCIOj  (C1307)  was  never  observed  in  these  systems. 

Properties  and  Structure  of  Cl30«.  The  exact  nature  of 
“C130«”  has  as  yet  not  been  established.  The  two  most 
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Amt  of  O, 


Hypohalite  (mmol) 

mmol 

Solvent 

Temp.  *C 

Time,  hr 

Products®  (mmol) 

CIOCIO,  (1.30) 

2.86 

None 

-78 

24 

0,0,  (0.47),  OOOO,  (0.83) 

CIOCIO,  (1.35) 

3.24 

CF,C1  or  none 

-45 

40 

0,0,  (1.35) 

CIO,  (1.23) 

3.16 

None 

—45 

18 

0,0,  (0.61) 

C10S0,F  (1.06) 

2.30 

None 

-45 

70 

GO,SO,F  (1.03) 

CIONO,  (0.73) 

2.55 

None 

-45 

66 

NO, CIO,  (0.39),  CIONO,  (0.33) 

CIONO,  (1.08) 

3.24 

CF,C1 

-45 

42 

NO.OO,  (0.74).  OONO,  (0.34) 

CIONO,  (1.03) 

4.04 

CF,C1 

-45 

72 

NO,aO„  (0.92), a, 

CIOCF,  (1.02) 

2.60 

None 

-45 

300 

OOCF,  (0.98),  COF, 

BrOCIO,  (1.59) 

2.98 

wone 

-45 

72 

Br,  +0,  +BrO  (1.58),  O,  (7.41) 

BrOCIO,  (1.29) 

3.06 

CF,CI 

-45 

72 

BrO.OO,  (1.28) 

BrONO,  (1.06) 

2.80 

CFO, 

-45 

72 

BrO,NO,  (1.01) 

BrONO,  (1.00) 

3.15 

CFO, 

-23 

100 

O,  (5.42),  Br,,  NO, 

BrOSO,F  (1.25) 

3.37 

None 

-45 

130 

O,  (5.14),  BrOSO.F  (1.20),  Br„  S,OtF 

° Except  where  noted,  by-product  0,  war  always  found  in  ratios  expected  for  nO,  + substrate  -»  nO,  + substrate-0,,  in  addition  to  small 
amounts  of  O,  resulting  from  the  decomposition  of  O,. 


likely  structures  are  the  symmetric  G-Cl-bridged  model  I 
and  the  asymmetric  oxygen-bridge  model  II.  Another  struc- 
ture suggested'5  as  very  probable  is  the  double-oxygen-bridged 
model  111.  However,  several  severe  shortcomings  make  this 
model  unlikely.  In  both  versions,  I1IA  and  IIIB,  at  least  one 
Cl  must  assume  an  energetically  unfavorable  pentacoordina- 
tion.“  In  addition,  IIIA  would  be  a diradical  which  disa- 


V ,°  W °>/°v  /°  °vV/“ 
- fv  „A„/av  i\'  \ 

O OO  OOOOOOO  'j 

1 II  IIIA  IIIB 


IV 

grees  with  the  diamagnetism  observed17  for  pure  GjO«. 

Most  frequently,  C120«  is  considered14,15  to  possess  struc- 
ture I based  on  early  work1*  which  reported  the  detection 
of  considerable  paramagnetism  in  the  liquid  and  solid  phases. 
This  paramagnetism  was  attributed  to  the  C103  radical  being 
in  equilibrium  with  the  G]0«  dimer  according  to  G306 
2C10,.  The  surprisingly  low  value  of  1 .5  keal/mol  for  the 
“dissociation  energy”  of  this  supposed  quilibrium  was  general 
ly  interpreted  as  an  indication  for  C1208  having  structure  I 
with  an  extremely  weak  Cl-Cl  bond.  However,  more  recent- 
ly it  was  shown17  that  the  paramagnetic  species  present  in 
small  concentrations  in  condensed  C1204  is  C102  and  that 
the  uv-visibk  spectrum  attributed  to  gaseous  CIO)  closely 
resembles  that  of  CIO. 15  Chlorine  trioxide  radicals  are  very 
difficult  to  obtain  and  ware  found  in  C1204  only  under  ex- 
treme conditions.  Le.,  at  -196°  after  irradiation  by  *°Co  y 
irradiation.17  Additional  doubts  about  the  validity  of  model 
I stem  from  its  reaction  chemistry14  and  the  vibrational  spec- 
trum of  the  solid19  which  suggest  the  ionic  structure  GOj7- 
C10«'  (model  IV).  In  view  of  the  different  known  synthetic 
methods*’ 7,14  for  preparing  a product  of  the  composition 
CI]0(  and  of  the  known  existence  of  two  forms  of  (CIOjX,, 


(14)  M.  Schmehaer  and  K.  Brandk,  Admit.  tnorg.  Chain.  Radio- 
eham.,  S,  SS(!963). 

(15)  A.  J.  Downs  and  C.  J.  Adams  in  “Comp-ahenalva  Inorganic 
Chamiatry,"  VoJ.  2,  Bailar,  Emelaua,  Nyholm,  and  Trot  man- Dickenson, 
Ed.,  Pargamon  Proas,  Oxford,  1973,  pp  1372-1374. 

(16)  K.  O.  Christa,  Art  Apyl  Chtm.,  in  press. 

(17)  V.  N.  Belevskii  and  L.  T.  Bugaenko,  Ru$l  /.  Inorg.  Chtm.,  12. 
1203  (1967). 

(IS)  1.  Farguharton,  C.  F.  Goodtvi,  and  F.  D.  Richeraon,  Tram. 
Faraday  Son.,  32,  790(1936). 

(19)  A.  C.  Pavia,  1.  Pascal,  and  A.  Potier,  C.  R.  Acad.  Sci.,  272, 
1495(1971). 


Le.,  CIO]14  and  oxygen  bridged  CljOs,*  it  appeared  desirable 
to  establish  the  identity  of  the  various  G204  compositions 
and,  if  possible,  to  determine  the  structure  of  the  isolated 
free  species.  For  this  purpose  we  have  studied  samples  of 
CI]06  prepared  by  three  different  synthetic  methods  (eq  1-3). 

200,  + 20,  -» 0,0,  + 20,  (ref  7)  (1) 

CIOCIO,  + 20,  -►  0,0,  + 20,  (this  work)  (2) 

0000,-0,0,  (ref  3)  (3) 

The  identical  nature  of  the  different  G?08  samples  was  es- 
tablished by  their  elemental  analyses  after  decomposition 
at  elevated  temperature,  their  physical  appearance,  and  prop- 
erties. They  were  orange  solids  melting  near  0°  to  form  dark 
red  liquids.  They  exhibited  only  several  millimeters  vapor 
pressure  near  ambient  temperature.  On  standing  at  22**, 
slow  gas  evolution  was  noted  and  the  gas  pressure  increased 
gradually.  This  was  found  to  be  caused  by  the  decomposi- 
tion of  C1306  resulting  in  the  formation  of  G02,G2,and 

o2. 

Spectroscopic  Studies.  Additional  support  for  the  various 
C120«  compositions  being  identical  was  obtained  by  mass  and 
infrared  matrix-isolation  spectroscopy.  Previous  reports  on 
the  mass  spectrum*0"*1  of  G208  show  some  discrepancy. 
Cordes  and  Smith*0  observed  a weak  C1037  ion  as  the  highest 
mje  from  C1206.  However,  Fisher*1  found  no  CIO*7  ions 
above  C1027,  but  his  samples  showed  appreciable  amounts  of 
HCIO4  as  impurity.  In  this  work,  samples  without  HC104 
gave  a small  (5%  of  base)  peak  for  CIO,7.  Even  samples  with 
HCIO4  exhibited  a modest  but  reproducible  C1037  peak  after 
the  spectrum  was  corrected  for  that  impurity. 

For  the  infrared  study,  C1208  samples  were  isolated  in  an 
N2  matrix  (MR  1 : 1000)  at  48K.  All  three  samples  exhibited 
the  same  characteristics.  Unfortunately,  the  spectra  were 
rather  complex.  In  agreement  with  the  previous  ear  study,17 
it  was  found  that  the  gas  phase  above  liquid  C120*  consisted 
mainly  of  C102.  The  infrared  spectrum  of  matrix-isolated 
GO]  closely  corresponded  to  the  well-known  gas-phase  spec- 
trum.22 The  MCl-i7Cl  isotopic  shifts  were  measured  for  the 
matrix-isolated  species.  7 hey  are  compared  in  Table  II  with 
the  previous  measurements22'24  which  showed  considerable 
discrepancy. 

(20)  H.  F.  Cordes  tnd  S.  R.  Smith.  J.  Chtm.  Eng.  Data,  IS,  159 
(1970). 

(21)  1.  P.  Fisher,  Tram  Faraday  Soc..  64,  1SS2  (1948). 

(22)  A.  H.  Nialaan  and  P.  1.  H.  WolU,  J.  Cham.  Phyt.,  20,  1878 
(1952). 

(23)  J.  K.  Ward,  Phyt.  Rtv.,  94.  845  (1954). 

(24)  A.  W.  Richardson,  R.  W.  Redding,  tnd  J.  C.  D.  Brand,  /. 

Mol  Spactrotc.,  29.  93  (1969). 


274 


( 


2380  Inorganic  Chemistry , Vol.  13,  No.  10,  1974 

Table  II.  “Cl-”a  l»topic  Shift!  (an'1)  of  CIO, 

Isotopic  shifts 

“Cifreg  Ref  24 

This  study  This  study  Ref  22  Ref  23  Ir  Uv 

v,  950  5.8  ± 0.2  6.41  4.8  5.7 

v,  452  2.9  3.3 

v,  1104  11.4  11.5  12.7 

No  evidence  could  be  found  in  our  spectra  for  bands  show- 
ing the  frequencies  and  intensities  expected  for  a free  CIO, 
radical.  Tliis  result  agrees  with  the  previous  esr  study17  and 
indicates  either  that  C1204  does  not  appreciably  dissociate 
into  CIO)  or  that  the  CIO,  radical  is  highly  unstable  and 
rapidly  decomposes  into  C102  and  oxygen.  The  first  alter- 
native is  more  in  agreement  with  our  expectations  for  a struc- 
ture containing  a strongly  polarized  oxygen  bridge  (see  below). 
Thus,  the  02Cl-0  bond  should  be  considerably  weaker  than 
the  O-ClOj  bond  and,  therefore,  the  former  should  prefer- 
entially break.  This  should  result  in  the  formation  of  CIO) 
and  (unstable)  C104  instead  of  CIO)  radicals. 

In  addition  to  CIO),  the  matrix-isolation  spectra  always 
exhibited  bands  due  to  H0C10,.35  To  positively  identify 
the  bands  due  to  HOCIO)  in  an  N2  matrix,  we  have  prepared 
a sample  of  pure  HOCIO)  and  recorded  its  spectrum.  In  ad- 
dition to  bands  attributable  to  the  monomer,  features  due 
to  associated  HOCIO)  were  observed.  The  intensity  of  the 
latter  was  a function  of  the  dilution  ratio. 

To  suppress  the  bands  due  to  C102  and  HOCIO),  N,  was 
rapidly  swept  over  liquid  Cf04  and  immediately  frozen  out 
on  the  cold  Csl  window  of  the  ir  cell.  Under  these  conditions, 
at  least  two  novel  species  were  observed  in  addition  to  CI02 
and  HOCIO) . These  two  species,  designated  A and  B,  show- 
ed the  following  principal  absorptions  (cm”1):  A,  1275  (vs), 
1043  (s),  1041  (m),  1008  (w), 950, 702  (vs),  658  (w),  648 
(w),  620  (w),  585  (s),  5 12  (w);  B,  1240  (s),  1028  (vs),  624 
(vs),  484  (vs),  374  (vs).  These  bands  exhibit  frequencies 
and  to  some  extent  37C1  isotopic  splittings  in  agreement  with 
those  expected  for  covalent  chlorato  or  perchlorato  com- 
pounds. In  particular,  species  A shows  a very  intense  band 
in  the  frequency  region  expected74  for  an  antisymmetric 
stretch  of  a Cl-O-Cl  bridge  in  addition  to  bands  occurring 
in  the  CIO)  and  Ci02  stretching  modes  region.34  Therefore, 
this  set  of  bands  might  be  due  to  a Cl-O-Cl-bridged  CI206 
species,  such  as  model  II.  [The  set  of  bands  ascribed  to  spe- 
cies B somewhat  resembles  that  of  FCI0  237  shifted  to  a lower 
frequency.  This  indicates  an  XC102  type  species  with  X 
being  less  electronegative  than  F.  Possibly,  this  species  could 
be  HOCIO)  which  might  be  expected  from  the  hydrolysis  of 
0aC10C10,  according  to  02C10C10S  + H20  -*  HOCIO,  + 
HOCIO).]  However,  unambiguous  identification  and  assign- 
ment of  the  bands  are  not  possible  owing  to  the  size  and  low 
symmetry  of  these  spedes  and  to  the  complexity  of  the  rest 
of  the  spectrum. 

In  summary,  our  spectroscopic  studies  indicate  that  the 
three  “C1204”  spedes  obtained  by  the  three  different  syn- 
thetic methods  are  indeed  identical.  Furthermore,  the  low- 
temperature,  high-yield  oxidation  of  the  Cl-O-Cl-bridged 
starting  material  CIOCIO)  combined  with  the  results  from  the 
other  more  recent  studies14,1*’17’1*  show  that  C120*  has  the 
oxygen-bridged  structure  II  and  not  the  Cl-Cl-bridged  struc- 


Carl  J.  S check  and  Karl  O.  Christe 

tore  I.  Therefore,  the  assumption  of  a previously  postulated14 
rearrangement  of  Cl2Ot  from  model  I to  model  II  used  to  re- 
condle  its  reaction  chemistry  with  a basic  Cl-Cl-bridged  struc- 
ture is  unwarranted.  On  the  other  hand,  for  the  oxygen- 
bridged  structure  II  transformation  into  the  ionic  structure 
IV  should  be  very  facile  requiring  no  significant  rearrange- 
ments. The  low  volatility  of  C1204,  its  high  melting  point, 
and  its  readiness  to  change  to  an  ionic  structure  in  the  solid 
also  indicate  for  the  liquid  a strong  polarization  of  the  Cl-O- 
Cl  bridge  in  the  direction  toward  02CP0C10)'.  This  struc- 
tural behavior  of  C1204  closely  resembles  that  of  N20$  which 
in  the  free  state  has  a covalent  oxygen-bridged  structure  but 
in  the  solid  state  has  the  ionic  structure  N02*N0,'.3# 

The  B/OOOj-O)  System.  The  novel  process  for  oxygena- 
tion of  the  terminal  chlorine  of  CIOCIO,  was  applied  to  BrO- 
ClOj.  Surprisingly,  it  was  found  that  neat  O,  and  BrOdO, 
in  the  temperature  range  of  -78  to  -45°  reacted  to  cause 
their  complete  degradation  to  the  elements.  An  effort  was 
therefore  made  to  moderate  the  reaction  through  the  use  of 
CF,C1  as  a solvent . This  was  successful  and  the  reaction 
observed  at  -45°  was 

BrOClO,  + 20,  - O.BrOaO,  + 20, 

This  stoichiometry  was  confirmed  by  an  excellent  oxygen 
material  balance  and  by  elemental  analysis  of  the  product 
which  showed  six  oxygen  atoms  were  present  for  each  BrCl. 
The  novel  compound  02BrOCK>)  is  a bright  orange  solid  that 
does  not  melt  below  -35°.  Since  decomposition  begins  at 
higher  temperatures  and  owing  to  its  nonvolatility,  we  were 
unable  to  determine  reliably  other  properties.  Additional 
proof  for  its  composition  was  obtained  by  a displacement 
reaction  with  FN02  carried  out  at  -45°.  The  following 
reaction  was  observed 

O, BrOClO,  + FNO,  — NO, CIO,  -»  (FBrO,] 

The  displacement  was  slow,  requiring  several  days.  While 
the  solid  nitronium  perchlorate  was  found  in  quantitative 
yield  (1 .35  mmol  of  N02C10«  from  1 .35  mmol  of  02Br0Cl- 
0,),  the  FBrO)  decomposed  to  the  elements. 

The  CK)SO)F-0)  and  BrOS02F-0,  Systems.  The  reaction 
of  chlorine  fluorosulfate  and  ozone  was  examined  in  view  of 
the  above  results  and  the  fact  that  the  predicted  product  (02- 
C10S02F)  is  well  known  from  other  routes.14,3*  The  follow- 
ing reaction  was  observed 

OOSO,F  + 20,  - 0,C10S0,F  + 20, 

Yields  above  90%  were  readily  realized  at  temperatures  up 
to  0° . The  use  of  a solvent  was  not  required  and  was  not  in- 
vestigated. With  a large  excess  of  0,  additional  oxygen  up- 
take was  not  observed. 

Bromine  fluorosulfate  and  ozone  reacted  only  incomplete- 
ly. The  main  reaction  was  decomposition  of  O,  to  02  ac- 
companied by  some  degradation  of  the  BiOS02F.  No  evi- 
dence for  02BrOS02F  was  obtained. 

The  CI0N0)-0)  System.  Ozone  and  chlorine  nitrate  did 
not  react  at  -78°  in  the  absence  of  a solvent.  However, 
when  a solvent  was  used  or  the  temperature  was  raised  to 
-45°,  chlorine  was  surprisingly  oxidized  to  the  +VH  oxida- 
tion state  as  shown 

OONO,  + 30,  - NO,*CKV  + 30, 


(25)  t>.  A.  Giguat*  and  K.  Savow.  Can.  J Chtm.,  40.  495  (1942). 
(24)  K.  O.  Chrlett,  l\  J.  Schack,  and  K l\  ('unit.  Inorp.  Chrm., 
10.  isa9(l971). 

(27)  I).  F.  Smith.  G.  M.  Bagun.  and  W.  H.  Klatchar,  Spectrocltim. 
Act*.  20,  174)  (1964). 


(2g)  K.  Taraniahi  and  J.  C.  Declua.  J.  Chem.  Phyt.,  22,  <96 
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(29)  H.  A.  Cellar.  A.  M.  Qurathi,  and  F.  Aubke,  Chcm.  Common., 
1461  (I96t). 
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Thus,  the  covalent  hypochlorite  group  was  oxidized  to  the 
perchlorate  anion.  An  excellent  material  balance  was  ob- 
tained for  this  reaction.  Again  only  one  oxygen  from  each 
ozone  was  added  to  the  substrate.  Furthermore,  it  was 
found  that  with  a deficiency  of  Os  or  with  short  reaction 
periods,  the  only  products  were  nitronium  perchlorate  and 
unreacted  chlorine  nitrate.  Other  intermediate  oxidation 
products  were  not  observed  and,  hence,  must  have  been  more 
reactive  than  C10N0a.  The  white  solid  was  readily  identi- 
fied as  NOa+Ci04'  by  its  infrared  spectrum30  and  compari- 
son to  an  authentic  sample.  This  reaction  represents  a new 
process  for  preparing  nitronium  perchlorate.  Its  main  ad- 
vantage consists  of  the  elimination  of  CIO] . one  of  the  two 
shock-sensitive  materials  required  for  the  conventional31 
NOa*CK)4'  synthesis. 

The  BiONOj-Oj  System.  The  BrONOa-Oa  reaction  has 
previously  been  reported6  to  yield  OaBrONOa.  We  reinvesti- 
gated this  system  since  it  now  appeared  to  be  a promising  syn- 
thetic route  to  the  novel  and  interesting  compound  NOa*Br- 
04".  All  effort  to  this  end,  however,  failed  since  at  or  below 
-45°,  the  only  product  was  OaBrONOa,  while  at  higher  tem- 
peratures, degradation  of  the  bromyi  intermediate  was  en- 
countered. 

The  CF,OCI-Oj  System.  Prolonged  contact  of  trifluoro- 
methyl  hypochlorite  with  neat  ozone  at  -4S°  did  not  result 
in  any  oxygenation  of  the  chlorine  or  other  reaction.  Thus, 
CFjOCIOj,  a compound  recently  obtained  by  another  syn- 
thetic approach.32  was  not  observed. 

(30)  i.  W.  Nebgen,  A.  D.  McElroy.  and  H.  F.  Klodowaki,  fnorg. 
Chrm..  4.  1796  (I96S). 

(31)  E.  W.  Lawless  and  I.  C.  Smith.  "Inorganic  High-Eaargy  Oxi- 
dizwa,"  Marcel  Dekker.  New  York,  N.  Y.,  1968.  p 176. 

(32)  C.  J.  Schick,  D.  Pilipovich,  and  K.  O.  Christa.  Nucl. 

Oum.  Lett..  10.  449  (1974). 


General  Aspects.  Comparison  of  the  results  of  the  present 
study  raises  an  interesting  question.  Whereas  covalent  hypo- 
chlorite groups  are  generally  oxidized  by  0$  to  the  0aC10 
group,  Le.,  to  chlorine  (+V),  the  chlorine  in  CK)NOa  is  oxi- 
dized to  the  +VI!  state.  This  is  surprising  since  CIOCIO3  and 
ClONOj  are  both  covalent  hypochlorites  of  similar  structure 
and  reactivity,  and  the  perchtorato  and  nitrato  group  are  of 
similar  electronegativity.  Comparison  of  the  resulting  ozeni- 
zation  products,  however,  reveals  a marked  difference.  The 
products,  in  which  the  original  hypochlorite  chlorine  is  oxi- 
dized to  the  +V  oxidation  state,  are  mainly  covalent  and 
polarized  toward  the  C103*X~  type  structure  where  X*  can 
be,  for  example,  C104*  or  SOsF'.  In  the  car  of  C10N0-, 
however,  the  hypochlorite  chlorine  ends  up  ir  the  anion  of 
the  product  N02*C104~.  Since  cations  are  mote  difficult 
to  oxidize  and  are  stronger  oxidizers  than  anions  of  the  same 
oxidation  state,16  oxidation  of  C10N0a  to  NOa*CK)4“  is  still 
possible,  while  formation  of  a covalent  03C10  group  or  of  the 
hypothetical  C!0a*  cation  is  not.  The  ease  of  NOa*  forma- 
tion is  due  to  the  fact  that  XNOa  type  compounds,  such  as 
FNOa,  are  strong  Lewis  bases,  whereas  XC10a  type  com- 
pounds arc  amphoteric.14,33 
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Halogen  Perchlorates.  Reactions  with  Fluorocarbon  Halides 
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The  reactions  of  chlorine  perchlorate  and  bromine  perchlorate  with  numerous  fluoroalkyl  halides  were  examined.  In  the 
case  of  fluorocarbon  iodides,  these  reactions  were  generally  found  to  produce  high  yields  of  the  novel  fluorocarbon  perchlorates 
CFjClOa,  CFJCF2CIO4,  n-CtFisClOa,  O4CICF2CF2CIO4,  and  ICF2CF2CIO4.  Important  insight  into  the  mechanism  of 
formation  of  these  compounds  was  obtained  through  the  isolation  of  complex  intermediates  such  us  (CF])2CFI(C10a)2 
and  n-C7Fi ]I(CI04)2.  Based  on  their  vibrational  spectra,  these  intermediates  have  the  ionic  structure  [(Rf)2l]+[l(C10r)«]_. 
Fluorocarbon  bromides  reacted  less  readily  but  sometimes  did  produce  perchlorate  derivatives  such  as  (OaClCFiCPBr-h, 
CFjCFBrCF2C!04,  and  BrCF2CF'2C104.  Neither  mono  nor  di,  primary  nor  secondary  chlorine  contained  in  saturated 
RrC!  materials  interacted  with  these  halogen  perchlorates.  These  and  other  related  reactions  arc  discussed  and  characteristic 
data  are  given  for  this  new  and  interesting  class  of  compounds. 


Iatroducttaa 

Until  recently  the  study  of  covalent  perchlorates  was  re- 
stricted to  a few  derivatives,1  -2  mair.ly  inorganic,  because  of 
the  extreme  shock  sensitivity  of  the  known  hydrocarbon  de- 
rivatives. Also  the  available  intermediates  for  forming  covalent 
perchlorates  were  quite  limited  and  themselves  difficult  to 
manipulate.  With  the  discovery  of  chlorine  perchlorate 
(ClOClOj  or  CI2O4)5  and  bromine  perchlorate  (BrOClOt  or 
BrClOa),4  useful  reagents  became  available  for  the  synthesis 
of  new  perchlorate  species.  This  has  been  realized  and  has 
led  to  the  preparation  of  the  new  inorganic  materials  i(C104)j,5 
CsUClOa)*.5  and  CsBr(CiQ4)2<>  and  improved  syntheses  of 
Ti(ClQa>4  and  CrOHClCxh.7  Furthermore,  the  reactions  of 
O2O4  and  BrC!04  with  perhaloolefins  were  shown*  to  produce 
the  previously  unknown  perhaloalkyl  perchlorates,  in  high  yield, 
as  illustrated 

1 1 

XCIO,  + >0-C<  - X -C-C-a04  (X  = Cl,  flr> 

Of  paramount  interest  though,  was  the  finding  that  these 
fluorocarbon  perchlorates  were  stable,  tractable  species  quite 
unlike  their  hydrocarbon  and  seme  of  their  inorganic  analogs. 
Thus  it  was  decided  to  investigate  further  this  new  class  of 
compounds  and,  in  particular,  to  search  for  additional 
preparative  routes  which  result  exclusively  in  the  introduction 
of  a perchlorate  group  without  simultaneous  addition  of 
bromine  or  chlorine  atoms. 

Exptriweafei!  Svetka 

Caution . The  halogen  perchlorate*  and  the  alkyl  perchlorates  arc 
potential  explosive*.  Safety  precautions  should  be  taken  in  handling 

and  using  these  materials. 

Apparatus  mad  Materiab.  The  equipment  used  in  this  work  has 
been  described.5  Chlorine  perchlorate5  and  btoo.ine  perchlorate4  were 
prepared  as  reported.  The  fluorcalkyls  were  purchased  (except  where 
noted)  and  purified  by  fractional  condensation.  Raman  spectra  were 


recorded  on  a Cary  Model  83  spectrophotometer  using  the  4880- A 
line  of  an  Ar  ion  laser  as  the  exciting  line  and  a Claasscn  filler9  for 
the  elimination  of  plasma  lines.  Sealed  quartz  tubes  (~2-mm  i.d.) 
or  glass  melting  point  capillaries  were  used  as  sample  containers  in 
the  tra inverse- viewing,  transverse-excitation  technique.  While  exposed 
to  the  laser  beam,  the  sample  tube  was  kept  below  -80°  its  a 
vacuum -jacketed  flow  tube  by  flowing  a stream  of  dry  N2  through 
it.  Mass  spectra  were  recorded  using  a Quad  300  (Electronic  As- 
sociates, Inc.)  quadruple  mass  spectrometer  equipped  with  a pas- 
sivated aii  stainless  steel  inlet  system.  The  ,9F  nmr  spectra  were 
recorded  on  a Varian  Model  DA60  spectrometer  at  56.4  MHz  using 
CFCb  os  internal  standard.  Chemical  shifts  and  coupling  constants 
were  determined  by  the  side-band  technique.  Analytical  data  were 
obtained  using  Orion  specific  ion  electrodes  (F“,  Ci~,  or  C1O4-)  and 
solutions  prepared  after  Na  fusion  or  hydrolysis.  These  data  together 
with  some  physical  properties  are  summarized  in  Table  1. 

CF3I-G2O4  Reactions.  Trifluoromethyl  iodide  (2.02  mmol)  and 
CI2O4  (4.24  mrnol)  were  combined  at  -196*  in  a 30-rnl  stainless  steel 
cylinder  which  was  subsequently  slowly  warmed  to  -45*  during  several 
days.  Recooling  to  -196*  showed  the  absence  of  noncondensable 
products.  While  rewarming  to  room  temperature,  the  volatile  products 
evolved  were  separated  by  fractional  condensation.  These  consisted 
essentially  of  CI2  (2.07  mmol),  trapjtcd  til  -196°,  and  CF3CIO4  (2.0* 
mmol),  trapped  ut  -112“;  the  yield  of  CF3CIO4  was  99%  based  on 
CFjl.  The  molecular  weight  observed  by  vapor  density  measurement# 
was  167  vs.  a value  of  (68.4  calculated  for  CF3OO4.  Measured 
quantities  of  CF3QO4  and  CFOI3  reference  were  used  to  confirm  by 
j,F  nmr  peak  area  ratio  measurements  that  the  compound  contains 
three  fluorine  atoms  per  molecule.  The  purity  of  the  product  waa 
further  indicated  by  its  tensiometric  homogeneity.  The  mass  spectrum 
showed  m/e  peaks  for  CF3C1<>4+  (parent),  CFiClO:*,  CFjClO*. 
CI03+  (base  peak).  CF.t+,  CIO;+,  COF2+  CIO*  CFi*  COF+,  COt*. 
O2*,  CF+,  and  CO+  ions. 

On  standing  at  room  temperature,  the  nonvolatile  product  of  thb 
reaction,  "ICiOa,”  evolved  O 2,  Ch,  and  CI2O7  in  a manner  similar 
to  HGOsb4  eventually  leading  to  the  fcmsn'lon  of  liOj.  Occasionally 
the  reaction  of  CF3J  with  ChO*  deflagrated,  particularly  when 
wanned  up  too  rapidly,  The  deflagration  resulted  m the  generation 
of  touch  O2  (e.,?.,  9.4  nirnol  from  d.O  mmol  of  ChOs),  CO2,  CGFi, 
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Table  I.  Physical  Properties  and  Analytical  Data  of  Several  Novel  Fluorocarbon  Perchlorates 


Compd4 

Vapor  pressure 

AS,  eu 

AHV, 
kes  1/mol 

Elemental  analysis,  % 

Caicd  Found 

F 

Cl 

F 

a 

cf,cio4 

7.4828,  1301.0  (9.56) 

23.3 

5.94 

33.84 

21.04 

33.3 

21.5 

CF.CF.CIO. 

7 .6356,  1430.8  (27.7b) 

21.8 

6.54 

43.49 

16.23 

42.9 

16.0 

n-C,F,,C104 

2C 

60.84 

7.57 

60.4 

7.42 

iCF^'F.ClO, 

15 

23.29 

10.85 

22.9 

10.9 

BrCF,CF,C104 

74 

27.20 

12.69 

27.1 

12.5 

(-CFBrCF,C104)j 

<1 

21.89 

13.62 

21.4 

13.8 

C4F4(C104),C1, 

2 

26.40 

32.84 

26.3 

32.7 

a All  compounds  listed  are  dear,  colorless  liquids.  b log  Pmm  - A --  B/TC  K);  bp,  °C. 

c In  mm  at  20°. 

Cla,  and  a trace  of  CFjCl.  All  the  iodine  was  recovered  as  h and 
IFs.  No  solid  residue  was  produced  and  no  CFjCIOs  was  obtained. 

Trifluoromethyl  perchlorate  (0.456  mmol)  was  loaded  into  a 10-ml 
cylinder  containing  ~1  g of  C*F  cooled  at  -196°.  The  closed  cylinder 
was  heated  at  100s  for  18  hr  prior  to  fractionation  of  the  products. 
Most  of  the  CFjCICti  was  recovered  (0.321  mmol)  unchanged.  The 
decomposition  products  were  FCIO)  (0.134  mmol)  and  COF2  (0.134 
mmol  obtained  on  vacuum  pyrolysis  of  the  Cs+OCFr  salt  formed). 

CFjCFjI-CbOa  Reaction.  Perfluoroethyl  iodide  (1 .97  mmol)  and 
CI2O4  4.65  mmol)  were  allowed  to  react  as  described  for  CFjl  but 
during  the  work-up  the  reactor  was  initially  not  warmed  above  -45°. 
The  only  volatile  species  found  were  Cb  (2.03  mmol)  and  some  CI2O4. 
However,  after  3 days  at  -25s,  the  reactor  was  again  examined  and 
additional  volatile  materials  were  present.  There  were  CF3CF2CIO4 
(1.84  mmol)  and  small  amounts  of  CI2  and  unrcacted  CF3CF2I.  The 
yield  was  94%  and  the  vapor  density  molecular  weight  was  216; 
calculated  for  CFJCF2CIO4,  218.4.  The  mass  spectrum  of  CF3C- 
F2CIO4  exhibited  prominent  m/e  peaks  for  the  fragment  ions 
CF2C104+.  C2F5+.  CIOj+,  CFj+  (base  peak).  CIO2+  CIO+,  CFj+, 
COF+,  CF+,  and  CO+.  The  “ICIO4"  solid  ieft  in  the  reactor  was 
as  described  before. 

Other  examples  of  this  reaction  which  were  worked  up  somewhat 
differently  gave  the  same  final  result.  However,  at  the  intermediate 
stages  there  was  even  more  definite  evidence  for  the  formation  of  an 
Rrl(C104)2  complex.  For  example,  a',  the  completion  of  the  -45s 
reaction,  the  reaction  cylinder  was  warmed  directly  to  room  tem- 
perature while  pumping  and  fractionating  the  volatiles.  After  1.5  hr 
the  cylinder  was  closed  and  the  fractions  obtained  were  examined. 
These  were  one  Cb  for  each  C2F5I  and  a little  FCIO]  but  no  Rf  species 
from  a starting  mixture  of  1 :2  C2F5I-CI2O4.  After  2 hr  at  room 
temperature,  the  reactor  was  reopened  and  was  now  found  to  contain 
“free"  CF»CFjC104  in  approximately  95%  yield,  together  with  trace 
amounts  ot  CI2  and  CI2O7-  The  stability  of  CF1CF2CIO4  is  shown 
by  the  fact  that  a 0.598-mmol  sample  did  not  react  on  contact  with 
1 .6  g of  CsF  for  1 week  at  ambient  temperature.  However,  heating 
the  mixture  at  120s  for  12  hr  completely  decomposed  the  perchlorate 
to  FGOj  (0.60  mmol)  and  CF3CFO  (0.60  mmol  obtained  on  vacuum 
pyrolysis  of  the  formed  Cs+CFjCFiO). 

(CFtliCFl-OiOi  Raactism,  2-Iodoperfluoropropane  was  prepared 
from  perfluoropropene  and  I2-IF3  by  a method  similar  to  that 
previously  reported10  and  its  identity  was  verified  by  infrared,  mass, 
and  >*F  nmr  spectra.  Chlorine  perchlorate  (3.31  mmol)  and 
(CF3)2CFJ  (1.53  mmol)  were  allowed  to  react  as  in  the  preceding 
examples.  Fractional  condensation  of  the  volatile  products  on  work-up 
showed  CI2  (1.55  mmol).  CI2O4  (0.36  mmol),  and  (CF3)2CF1  (0.09 
mmol).  The  nonvolatile  residue  weighed  0.703  g,  and  it  did  not 
decompose  on  standing.  The  weight  calculated  for  1 .44  mmol  of 
(CP3)2  CFKClOrh  was  0./1 1 g.  Examination  of  the  residue  in  the 
drybox  showed  a loose,  finely  powdered,  white  solid,  mp  71-73*  dec. 
Anal.  Caicd  for  CjFrKClOt)!  004,40.2.  Found:  004,40.6.  The 
solid  fumes  in  air  and  liberates  some  I2  together  with  oily  droplets 
on  treatment  with  water.  When  heated  at  105s  for  16  hr  in  a 10-ml 
cylinder,  0.62  mmol  produced  O2  ( 1 . 1 3 mmol)  and  2.42  mmol  of  the 
condensable  species  CO2  and  CI2  with  some  COF2  and  small  amounts 
of  CF4  and  C2F4.  Iodine  was  found  exclusively  as  I2  and  IFs.  No 
solid  products  were  recovered. 

ICF2CF2I-CI2O4  Reaction*.  1 ,2-Diiodoletrafluorortliane  was 
prepared  from  CF2~CF2  and  I2.  The  purified  product  was  allowed 
to  react  with  4-6-fold  molar  equivalents  of  CI2O4  at  and  below  -45s. 
Generally  the  chlorine  by-product  obtained  indicated  that  even  after 
1 week  only  slightly  more  than  one  1 per  ICF2CF2I  had  reacted.  In 


addition  to  unreacted  ICF2CF2I  and  CI2O4,  typical  products  included 
ICF2CF2OO4  (~60%),  1CF2CF2C1  (—20%),  and  CI2OJ.  Purification 
of  ICF2CF2CIO4  was  difficult,  especially  the  removal  of  CI2O7.  The 
ICF2CF2CIO4  is  a clear,  colorless  liquid  stable  at  ambient  temperature. 
Under  dynamic  vacuum  it  slowly  passes  through  traps  cooled  to  -45s. 
This  compound  gave  a most  definitive  mass  cracking  pattern  including 
an  easily  detectable  parent  ion.  Important  m/e  peaks  noted  cor- 
responded to  the  ions  IC2F4C104+,  IC2F4+,  IC2F3O+,  C2F4004+, 
CF2l\  C2F4+,  C2F3O+  CIOj+.  CF3+  (base  peak),  002+  COF2+, 
C10+,  CF2+.  COF+.  and  CF+ 

When  carried  out  at  -25s  the  reaction  deflagrated,  giving  the  usual 
O2,  CI2,  CO2,  COF2  and  I2-IF5.  No  nonvolatile  products  were 
recovered.  With  the  aid  of  a solvent  (FC-78,  3M  Co.)  reactions  of 
CI2O4  with  both  ICF2CF2I  and  ICF2CF2CIO4  were  carried  out  at 
-45° . Again  poor  result,  were  obtained  and  poor  yields  of  RtC  IC4 
but  minor  amounts  of  a viscous,  colorless  liquid  of  low  volatility  ( — 2 
mm  at  20s)  were  recovered.  Based  on  its  l9F  nmr  and  infrared 
spectrum,  this  material  has  been  identified  as  the  bisperchlorate 
O4CICF2CF2CIO4. 

ICF2CF2CF2I-G2O4  Reaction.  1,3-Diiodapcrfluoropropane  was 
prepared  as  reported11  from  Ag02CCF2CF2CF2CO2Ag  and  I2.  A 

1 29-mmol  sample  of  it  was  allowed  to  react  with  5.63  mmol  of  CI2O4 
at  -45s  for  several  days.  Products  volatile  at  -45s  consisted  of  CI2 
(2.91  mmol)  and  CI2O4  (0.47  mmol).  However  when  the  closed 
reactor  was  allowed  to  warm  to  room  temperature  for  4 hr,  the 
nonvolatile  product  (04CI)2lCF2CF2CF2l(CI04)2,  according  to  the 
observed  stoichiometry,  deflagrated.  The  deflagration  products  were 

02  (~7  mmol),  CI2,  CO2,  COF2,  CFs,  and  some  C2F6  (~6  mmol 
total),  together  with  h and  IFs.  No  nonvolatile  species  was  observed. 

A-C7F15I-CI2O4  Reaction*.  n-Perfluoroheptyl  iodide  (1.42  mmol) 
and  CI2O4  (3.60  mmol)  were  allowed  to  react  at  -45s  for  several  days 
and  gave  O2  (1 .48  mmol)  and  G2O4  (0.66  mmol)  as  products  volatile 
at  this  temperature.  After  several  hours  of  pumping  at  room  tem- 
perature, the  white  solid  product  left  in  the  reactor  weighed  0.985 
g.  The  weight  calculated  for  1 .42  mmol  of  CrFisUCIOah  was  0.987 
g.  The  solid  had  a melting  point  with  decomposition  of  56-58*  and 
it  fumed  in  air.  Anal.  Caicd  for  G;Fi5l(C104)2:  004,28.6.  Found: 
CIO4,  28.3.  Upon  standing  for  several  days  at  ambient  temperature 
the  solid  appeared  shiny  and  sticky  as  if  it  were  decomposing. 
Therefore  it  was  heated  to  40°  under  vacuum  while  collecting  the 
volatile  material  in  cold  traps.  Traces  of  O2  and  CI2O7  were  obtained, 
along  with  a clear,  colorless,  mobile  liquid.  The  mass  spectrum  of 
this  liquid  resembled  those  reported12  for  t»-C7Fi 5-  compounds.  Some 
of  the  more  important  characteristic  peaks  were  attributable  to  the 
ions  C7FMCIO4+  C7F15O+  C7Fis+,  C„F2*-iO+  and  C,F2»-i+  (n  - 
3-6),  and  ClO*+  (x  * 1-3).  This  liquid  was  identified  as  C7F1JGO4. 

A sample  of  C7F1 5CIO4  (0.22  mmol)  was  heated  Hth  1 . 1 g of  CsF 
for  1 hr  at  110s.  This  produced  FCIO3  (0.22  mmol)  and  CsFdCFO 
(0.21  mmol  obtained  on  pyrolysis  of  the  C*+C7Fi50~  salt  formed). 
The  n-pcrfluoroheptoyl  fluoride  was  identified  on  the  base  of  its 
infrared  and  1.  a spectrum,  which  included  the  parent  ion  peak, 
C7F14OT 

BrCF2CFBrCFBrCF,-’Br-0204  Reactions.  Peril uo'obuladitne  tad 
Bn  were  employed  to  prepare  1,2,3,4-tctrabromoperfluorobutane.15 
The  latter  (1.27  mmol)  and  CI2O4  (7.37  mmol)  were  allowed  to  react 
at  -25s  for  4 weeks.  Vacuum  fractionation  of  the  products,  while 
keeping  the  reactor  at  0s,  showed  the  volatile  products  to  be  Cli  (2.67 
mmol),  CI2O4  (2.42  mmol),  and  a large  hut  unmeasured  amount  of 
BrCIOa.  From  the  recovered  materials,  it  appeared  that  2 Br  had 
been  replaced  by  CIO4  to  give  C4FiBr2(G04)2.  The  residue  was  a 
stable,  clear,  colorless  liquid  with  less  than  1 mm  vapor  pressure  st 
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Halogen  Perchlorate  Reactions  with  Fluorocarbon  Halides 

room  temperature.  It  was  identified  as  (OzClCFsCFBr-h  by  the 
comparison  of  its  infrared,  mass,  and  ,9F  ami  spectra  with  those  of 
a sample  of  (OsClCFiCFBr-)2  prepared  from  bromine  perchlorate 
and  perflu&obutadiene  (ice  below). 

Samples  of  CsFsBnfCiQs):  (1.34  mmol)  and  CI2O4  (2.00  mmol) 
were  allowed  to  react  in  a 30-ml  cylinder  at  -45*  for  3 weeks.  Very 
little  Ch  by-product  was  noted  at  that  time  and  therefore  more  CI2O4 
was  added  and  the  temperature  changed  to  -25*  for  5 weeks.  The 
evolved  CI2  (1.03  mmol)  indicated  about  40%  of  the  bromine  had 
reacted.  However,  some  degradation  was  also  evident  since  fluo- 
rocarbon acyl  fluoride  and  FCIO3  were  found.  Removal  of  these 
volatile  species  as  well  as  BrClOa  and  excess  CliOa  left  a clear, 
colorless,  nonvolatile  liquid  which  was  characterized  by  vibrational 
and  ,9F  nmr  spectroscopy. 

CfV—CFCF—O' 2- BrClO*  and  -CI2O4  Reactions  Perfluoro- 
butadiene  (2.30  mmol)  and  BrCIOr  (5.80  mmol)14  were  gradually 
warmed  from  -78  to  0*  over  several  days  followed  by  removal  and 
separation  of  volatile  products  which  consisted  of  a small  amount  of 
BrClOa  and  an  unidentified  fluorocarbon  acyl  fluoride.  The  residue 
consisted  of  the  dear,  odorless,  mobile  liquid  (0«ClCF2CFBr-)2  (2.2S 
mmol,  87%  yield).  The  l9F  nmr  showed  only  two  types  of  fluorine 
with  a 2:1  peak  area  ratio  indicating  a symmetrical  adduct.  The  mass 
spectrum  was  complex  and  the  parent  ion  was  beyond  the  range  of 
the  instrument  (m/e  300).  No  ion  containing  more  than  2 Br  atoms 
was  found.  Several  C-CIO4+  fragments  were  noted  as  well  as  intense 
CIO3+  CIO2+  and  CIO+  ions. 

Similarly,  perfluorobutadiene  (2.24  mmol)  and  CI2O4  (4.98  mmol) 
were  allowed  to  react  at  -78  to  0°  furnishing  C«F6Cl2(C10a)2  (2.15 
mmol,  96%  yield).  The  infrared  spectrum  was  typical  for  a covalent 
perchlorate  while  the  mass  spectrum  was  very  complex  apoarently 
due  to  the  presence  of  isomeric  rriecies  which  was  also  indicated  by 
the  19F  nmr  spectrum  (sec  Discussion).  In  the  mass  r^ectnim  intense 
CIOjr+  (x  - 1-3)  ion  fragments  were  observed. 

MiaccHaMMM  RrBr-XCKh  Reactions.  1,2-Dibromoperfluoro- 
propanc  was  prepared  front  CFjCF— CF2  and  Bn.  In  a typical 
reaction,  CFjCFBrCFrBr  (2.01  mmol)  and  CI2O4  (2.68  mmol)  were 
allowed  to  react  for  3 days  at  0*  followed  by  4 days  at  room  tem- 
perature. Several  fractional  condensations  were  carried  out,  after 
O2  (3.49  mmol)  was  removed  by  pumping,  resulting  in  the  isolation 
of  CFiCi  BrCF2C104  (0.90  mmol,  45%  yield)  as  the  only  detectable 
fluorocarbon  perchlorate.  It  was  identified  by  comparison  to  an 
authentic  sample.*  At  -25*  for  4 weeks,  these  same  reactants  gave 
a 31%  yield  of  the  CFjCFBrCFtCIQc. 

Bromine  perchlorate  and  CFiCFBrCFtBr  were  allowed  to  react 
using  these  same  conditions  and  produced  a 23%  yield  of  CFjCF- 
BrCFtCIOz  with  all  of  the  unreacted  RiBr  being  recovered.  For  this 
system  the  possibility  was  examined  for  catalytically  accelerating  the 
displacement  of  Br  by  CIO*  using  added  Cs+CIOs-  or  NOi+CICU  . 
However,  no  effect  was  noted,  with  both  the  reaction  rates  and  yields 
being  unchanged. 

1 ,2-Dibromoperfluorethane  (2.01  mmol)  and  CI2O4  (4.60  mmol) 
were  contacted  at  -25*  for  6 weeks.  Separation  of  tbc  products 
revealed  that  most  of  the  BrCF2CF2Br  ( ! .70  tmnoi)  was  unchanged. 
A trace  of  ClCFiCF2Br  was  found,  and  as  the  only  RrCIOs, 
BrCFiCF?C104  (0.23  mmol,  1 1%  yield).  This  perchlorate  was 
identified  by  comparison  to  an  authentic  sample  prepared  from 
tetrad uorcethylcnc  and  BrCIOd.  Furthermore,  the  known  BrCFtCFO 
and  FClOt  were  formed  in  qualitative  experiments  by  CsF-caulyzed 
decomposition. 

Tetrafluoroethytene  (1.23  mmol),  BrCIOs  (1.34  mmol),  and  CFjCi 
( ~9  mmol)  were  allowed  to  react  at  -45*  for  several  days.  Trapping 
at  -78*  «ps rated  BrCFtCFtCIOs  <1.12  mmol)  from  the  CF3CI  and 
other  trace  products  which  were  more  volatile.  When  no  solvent  was 
uaod  to  moderate  this  reaction  only  decomposition  products  were 
obtained.  In  addition  to  characterization  of  BrCFjCFjCIOs  by 
CsF-caulyzed  decomposition  to  BrCFiCFO  and  FQO3,  other  data 
are  pretented  in  the  tablet. 

Dihromodifluoromethane  (102  mmol)  and  CI2O4  (8.16  mmol)  were 
added  to  a 30-ml  cylinder  cooled  at -196*.  After  3 weeks  at  -45*. 
the  products  were  separated  by  fractional  condensation.  Analysis  by 
infrared  and  gs  showed  COF2  (1.9  mmol),  COFC1  (0.1  mmol),  and 
CI2  (4.1  mmol),  together  with  BrCIOs  and  CI2O?. 


FI— ro cariboo  Iodide  Reactive.  Chlorine  perchlorate  and 
fluorocarbon  iodide*  have  been  found  to  react  vigorously  at 
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Figure  1.  Infrared  spectrum  of  CF,GO,  gat:  A,  S mm  in  5-cm 
path  length  cell  with  AgCl  windows;  B,  18  mm  in  10-cm  path  length 
cell  with  AgBr  windows.  Raman  spectrum  of  liquid  CF,G04  at 
- 1 00° : C,  incident  polarization  parallel;  D,  incident  polarization 
perpendicular. 

-45°  and  below  to  produce,  at  flrat,  a complex  intermediate 
of  the  composition  RrI(CK>4)2  and  eventually  the  corre- 
sponding fluorocarbon  perchlorate.15  The  equations  for  these 
reactions  ure 

Rfi  + 2G,o4  - R(i(ao,),  + a, 

RiUao.),  - RfCio.  + iicio.i 

Yields  of  RiQOs  from  these  reactions  were  often  high  (90+%) 
and  excellent  material  balances  served  to  define  the  stoi- 
chiometry of  the  reactions.  The  vigor  of  the  reaction  is  ex- 
emplified by  the  fact  that  with  the  simplest  Rr  («CFj-) 
occasional  deflagrations  were  encountered,  particularly  when 
the  requirement  of  very  slow  wanning  of  the  reactants  was 
not  rigorously  followed.  In  other  instances,  the  intermediate 
deflagrated  at  some  higher  temperature  (>-45°).  These 
deflagrations  always  produced  much  O2,  CI2,  CO},  and  COF2 
together  with  small  amounts  of  CFs,  CF3CI,  and  sometimes 
C2F6.  Furthermore,  all  of  the  iodine  originally  present  as  Rrl 
was  always  recovered  as  a mixture  of  I2  and  IFs.  This  is 
remarkable  in  view  of  the  fact  that  the  only  fluorine  in  tbc 
system  was  bound  to  carbon  in  supposedly  inert  perfluoralky! 
groups.  Thus,  an  interhalogen  compound  has  been  formed 
from  a C-F  compound. 

To  our  knowledge,  this  is  the  first  time  that  such  an  unusual 
reaction  has  been  observed.  This  is  an  efficient  process  also, 
since  all  the  iodine  is  involved.  This  process  probably  entails 
an  initial  formation  of  IF,  which  is  known  to  disproportionate16 
readily  to  the  observed  species  according  to 

51F  - 21,  + IF, 

The  fluorocarbon  perchlorates  prepared  from  iodides  were 
CF3CIO4,  CFJCF2CIO4,  C7F15CIO4,  ICF}CF}C104,  and 
O4CICF2CF2CIO4.  Combinations  of  spectral  data  (infrared 
and  Raman,  Table  II  and  Figures  1 and  2;  **F  nmr.  Table  111; 
and  mass  spectra)  together  with  elemental  analyses,  vapor 
density  molecular  weight  measurements,  and  derivative  for- 
mation were  used  to  identify  those  new  compounds.  The  ranks 
of  ail  these  observations  were  unequivocal,  agreed  with  earlier 
result*  for  similar  compounds,8  and  artabfahed  the—  products 
as  covalent  mooodentate  perchlorates. 

A combination  of  infrared  and  Raman  spectroscopy  is  a very 
useful  tool  for  establishing  the  identity  of  the—  perchlorates. 
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Tabla  II.  Infrared  and  Raman  Spectra  of  Fluorocarbon  fadUonto  (4000-S00-cm~'  Range) 


cF,ao4 

.CF.CT.aO. 

BtCF,- 

CF,ao4 

li* 

ICF.CF.ao. 

li* 

,ao4 

(O.OCF.- 

CFC1-), 

lr* 

(0£1CF,- 

CFBr-), 

Ir* 

Tentative 

assignment 

Ir® 

Ramin* 

Ir* 

Ir6 

Raman* 

1368  sh 

1375  w 

1330  vw 

1320  vs 

1320  vs 

1350  sh 

1332  w 

1310  vs 

1310  vs 

1308  vs 

1300  vs 

1308  vs 

1305  vs 

1303  vs 

1295  vs 

1300  w 

1295  v„ 

1290  vs 

Antisym  ao,  str 

1265  s 

1267  vw 

1250  vs 

1250  s 

1288  s 

1245  vs 

1245  m 

1225  ms 

1241  s 

1240  vw 

1204  t 

1204  s 

1197  s 

1210  vs 

1215  vw 

1227  m 

1190  s 

1171  vs 

1169 vw 

1180  s 

1187  m 

1153  vs 

1160  w 

1180  vs 

1150s 

1 C-F  str  region 

1168  s 

1140  vw 

1135  s 

1115  sh 

I 

1093  vs 

1112s 

1105  s 

1108  m 

1112  w 

1100m 

1098  w 

i 

1068  w 

1076  w 

1052  m 

1051  m 

1058  w 

1028  vs 

1031s 

1035  vs 

1037  vs 

1038  vs 

1028  vs 

1035  vs 

1032  vs 

1028  vs 

Sym  DO,  str 

960  s 

914  m 

917  w 

930  w 

940  s 

922  s 

947  w 

948  vw 

943  s 

933  m 

C-O  str 

906  s 

900  mw 

908  w 

892  m 

900  m 

1 

848  mw 

850  w 

852  w 

861  s 

860  mw 

840  w 

848  m 

843  mw 

810  w 

805  m 

825  w 

823  w 

809  w 

804  w 

C-C  str  + certain 

785  w 

784  m 

780  m 

C-Halsu 

770  w 

767  1 

770  m 

762  m 

750  m 

750  w 

750  n: 

i 

743  m 

742  w 

732  w 

724  m 

726  m 

752  m 

728  m 

728  s 

6 umbrella  CF, 

706  sh 

708  m 

713  ms 

714m 

£ scissor  FCF,' 

660  sh 

660  vw 

675  s 

665  m 

670* 

660  s 

660  s 

[ A 

643  m 

640  s 

643  s 

645  s 

650  vs 

645  vs 

► 6 Ll-j 

615s 

616  vw 

612  s 

615m 

614s 

612  s 

617  m 

610  vs 

608  vs 

Cl-Ostr 

568  mw 

570  vw 

582  m 

565  sh 

578  w 

572  w 

570  sh 

6 antisym  ao, 

560  sh 

564  w 

£ scissor  OaO, 

512  w 

516  mc 

530  w 

515  md 

£ umbrella  QO, 

•Gas.  * Liquid.  c Raman  peaks  below  500  cm''  for  CF.CSO.  were  at  462  (vw).  342  (m),  320  (vw),  316  (vs),  and  178  (vw)  cm'1.  d Raman 
peaks  bslow  500"cm"‘  for  n<7FllC104  were  at  470  (vw),  388  (nt),  322  (m),  300  (m),  285  (w),  and  223  (mw)  cm'1. 


Table  III.  "I-  Nmr  Data** 


Compd  CF,~ 


CF.OO.  60.4 

CF.CF.aO,  84.6 

CF.fCF.j.CF.OO,  81.2 

acF.cF.ao, 

BrCF.CF.aO. 

ICF.CF.ao, 

o.acF.cF.ao, 

acF.craao, 

a.CFCFClClO. 

(-CFBrCF.aO.), 

CF.aaCF.aO4  76.3 

CT.CFBrcF.ao.  78.4 


-CFX- 


-CF,- 

>CFX 

<x  = a, 

Br) 

ao. 

(X  = F, 
C) 

93.2 

121.9-126.4 

88.0 

72.7 

92.5 

68.2 

91.4 

63.3 

90.4 

92.2 

92.2 

69.0 

79.0 

69.8 

76.0 

125 

79.3 

122 

84.7 

139 

85.8 

* Chemical  ihift  in  ppm  relative  to  internal  CFO,;  a peak  area  ratio 
measurement!  agreed  with  the  assignments.  * Data  not  from  this 
work  are  taken  from  ref  8. 


All  of  the  more  than  12  members  of  this  class  of  compounds 
now  known  show  very  strong  infrared  bands  near  1 300  cm  1 
(antisymmetric  CIO)  stretches)  and  1030  enr1  (symmetric 
CK>)  stretch).  In  addition,  another  strong  band  due  to  the 
CI-0  single  bond  stretch  of  the  O-ClQj  group  appears  near 
61 5 cm’1  in  all  -CF2CIO4  terminated  specie*  and  at  630  cm-1 
in  all  -CFCIClOa  terminated1  species.  Previously*  we  had 
Assigned  the  CJ-0  stretch  in  -CF2CIQ4  examples  to  the  bands 
at  ~645  cm-1  in  those  compounds.  Now  with  many  more 
examples  available,  it  is  clear  that  the  Cl-Q  stretch  occurs  at 
~613  cm-1  while  the  ~645-cnr‘  band  is  due  to  a CF2  de- 
formational  mode  (see  Table  11).  The  C-O  stretch  for  these 
compounds  is  also  characteristic  and  is  emphasized  in  Tabic 
II  aloag  with  other  significant  correlations.  Raman  spectra 
alone  are  less  characteristic  than  (he  infrared  for  (hear  ma- 
terials but  they  always  exhibit  a very  intense  symmetric  CKJi 
stretching  band  at  — 1030  cm-1.  Infrared  and  Raman  spectra 
of  CFsCtOa  a ad  n-OFisClOa  are  shown  in  Figures  1 and  2 
as  typical  representatives  of  this  class  of  com  pon  arts 


i 


Figure  2.  Infrared  spectrum  of  C.F^aO.:  A,  2 mm  of  gas  in  10- 
cm  path  length  ce>!  with  AgBr  windows;  B,  liquid  between  Aga 
pistes.  Raman  spectrum  of  liquid  n-C,F,  ,a04  at  -80’ : C.  inci- 
dent polarixatioa  parallel;  D,  incident  polarization  perpendicular;  E, 
spectral  slit  width. 

Trifiuorotnetbyl  perchlorate  is  the  simplest  fluorocarbon 
perchlorate,  the  “parent"  member  of  the  series.  Some  of  its 
properties  were  described  in  a preliminary  communication.17 
The  stability  of  this  compound  is  noteworthy.  A sample  stored 
in  a stainless  steel  cylinder  for  nearly  2 years  was  unchanged. 
Even  at  elevated  temperature  ( 100*  for  18  hr)  in  the  presence 
of  the  known  decomposition  catalyst  CsF,*  only  30%  of  the 
material  cleaved  according  to 

CiK 

Cl  , CIO* * COI  g + 1**00, 

A 

The  quantitative  decomposition  of  RtClOs  compounds  into 
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Halogen  Perchlorate  Reactions  with  Fluorocarbon  Halides 


■*.  * 


1 


FREQUENCY  (cm-1) 

Figure  3.  Raman  spectra  of  solids  at -100°. 

their  corresponding  acyl  fluorides  and  perchloryl  fluoride  is 
a very  useful  characteristic  reaction  as  reported  previously.8 
The  mass  spectrum  of  CFjCICU  was  slightly  unusual  in  that 
it  is  the  only  example  of  a pcrfluorocarbon  perchlorate  for 
which  we  have  observed  a parent  ion.  Typical  of  covalent 
perchlorates  in  general,  no  CIOs*  ions  were  found  although 
intense  CIOs'*",  ClCh+,  and  C10+  ion  peaks  were  present.  This 
is  reasonable  since  the  C-0  bond  energy  is  almost  twice  that 
of  the  Cl-O  bond.  The  l9F  nmr  spectrum  exhibited  only  one 
line  at  60.4  ppm,  quite  close  to  that  of  related  CFjO- 
moieties.1819  An  analysis  of  the  infrared  and  Raman  spectra 
of  gaseous  and  liquid  CF3CIO4  has  been  completed. J0 
Nineteen  of  the  twenty-one  fundamental  modes  of  vibration 
expected  for  a nine-atom  molecule  cf  symmetry  C*  with 
hindered  rotation  of  the  CF3  and  CIO3  groups  were  observed 
and  assigned.  This  thorough  spectral  study  is  fully  consistent 
with  the  covalent  monodentate  perchlorate  formulation. 

Iodine  monoperchlorate,  postulated  as  the  by-product  in  the 
synthesis  equations,  seems  not  to  be  a monomeric  covalent 
mateiial  since  it  shows  no  volatility.  At  ambient  temperature, 
on  standing  the  “IClOs"  gradually  loses  CI2  and  CI2O7, 
eventually  leading  to  the  formation  of  I2O5.  The  same  solid 
decomposition  product  results  from  the  ambient-temperature 
degradation  of  I(C104)3.S 

In  view  of  the  facile  synthesis  noted  for  CF3CIO4,  it  was 
of  interest  to  extend  the  method  to  analogous  perfluoroaikyl 
iodides.  With  CF3CF2I  this  led  to  the  formation  of  CF3C- 
F2CIO4  whose  characterization  was  analogous  to  that  used  for 
CF3CIO4  proving  that  this  was  a covalent  perchlorate. 
However,  during  die  synthesis,  observations  were  made  which 
indicated  a complex,  metastable  intermediate  had  been  formed. 
At  -45*  all  the  by-product  CI2  was  formed  but  not  the 
CF1CF2CIO4.  To  obtain  CF3CF2CIO4  it  was  necessary  to  raise 
the  temperature  somewhat  which  decomposed  the  intermediate. 
From  several  reactions  it  was  found  that  this  metastable 
intermediate  had  the  empirical  composition  CF3CF2l(Ct04)2. 

With  other  precursors,  (CF3>2  CFI  and  n-C7FisI,  it  was 
found  that  this  intermediate  was  an  isolable  solid,  stable  at 
ambient  temperature.  The  empirical  compositions  were 
analogous  to  those  of  the  ethyl  case,  i.e.,  (CF3)rCFl(C104)2 
and  n-C7F!5l(Cl04)2.  These  solids  fumed  in  air  and  formed 
CKV  and  some  I2  on  hydrolysis.  From  their  infrared  and 
Raman  spectra  (Table  IV  and  Figure  3)  it  was  evident  that 
the  covalent  perchlorate  function  was  still  present.  However, 
comparison  of  the  Raman  spectra  of  both  solids  with  that  of 
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Table  IV.  Infrared  and  Raman  Spectra  of  Solid  Iodine 
Perchlorates  (cm'1,  Intensity) 


(C^KCIO,), «cTF„i(ao4),  ct'uao,), 


Ir 

Raman  Ir 

Raman  Raman 

1371  m* 

1 376  mw 

1337  mw  . 

1332  w 

1 1 308  w 

1295  vw 

1295  v» 

1281  w 1278  sh  } 

1278  w 

1250w.br  1 

1257  mw  1230vs.br  1 

1259  w 

1235  vw  . 

1250  vw  1243  w.sh 

1220  vw 

1236  vw 

1205  vw  ! 

11218  vw  1207  mw 

1190  sh 

1196  vw 

1168  s 

1 168  vw  1157s 

1138  w 

1074  mw 

1074  mw 

1048  mw 

1048  vw 

1032  s 

1028  s 1023  s 

1023  s 1038  s 

1011  mw 

1016  mw 

971  s 

959  ms 

959  m 

874  s 

875  m 857  w 

828  w 

810  mw 

806  m 

765  m 

762  m 755  m 

755  w 

746  s 

741  vw  730  mw 

742  m 

718s 

667  s 

675  s 

664  w 

640  t 

646  s 640  s 

639  s 630  s 

620  sh 

622  w 

607  mw 

584  m 

588  w 584  m 

590  w 

568  m 

576  w 

542  m 

543  w 533  m 

496  s 

502  s 494  m 

499  s 489  s 

425  w 

429  w 423  vw 

428  w 430  mw 

352  w 382  w 

383  w 

333  w 

345  vw 

320  vw 

322  vw 

298  vw 

311  vw 

272  ws 

261  ws  261  vs 

249  w 

228  vs 

240  s 

191  w 

197  w 

175  vw 

159  ms 

152  w 

129  ms 

125  w 131  mi 

106  w 

106  ms 

the  salt  Cs+I(C104>4'  (Table  IV  and  Figure  3),  which  was 
obtained  from  Csl  and  CI2O4,5  revealed  striking  similarities. 
Ail  of  the  bonds  observed  for  the  1(004)4  ion  are  also  shown 
by  these  two  R>i(C104)2  solids.  They  correspond  quite  closely 
in  both  frequency  and  relative  intensity.  Furthermore,  the  only 
other  moderately  intense  bands  in  the  spectra  of  the  fluoro- 
carbon-oontaining  compounds  are  in  the  C-C  stretching  region 
and  thus  not  associated  with  the  perchlorate  functions. 
Therefore,  it  can  be  concluded  the  intermediates  having  the 
empirical  composition  RrHClOah  possess  the  ionic  structure 
(Rf)2l+I(C104)4  . The  related  ionic  structure  (R/hl+IFa-  has 
been  postulated21  for  solids  obtained  “not  infrequently”  from 
the  fluorination  of  Rrl  compounds  with  CIF3.  However, 
experimental  proof  for  such  a structure  was  not  offered. 

That  these  solid  intermediates  are  the  precursors  to  the 
covalent  RtCIOs  products  was  shown  for  the  peril uorohepty! 
case.  Thus,  it  was  found  that,  slowly  at  ambient  temperature 
or  more  rapidly  at  40*.  this  solid  produced  «-C7FijCK>4  and 
the  decomposition  products  of  “ICIQ4,”  ie.,  CI2, 02,  CI2O7, 
and  1 20$.  Care  is  required  in  beating  the  solid  complex.  On 
one  occasion  when  heated  just  to  its  melting  point  under 
dynamic  vacuum,  the  **-C7Fi  $1(004)2  exploded,  also  the  solid 
tetra  perchlorate  (04CI)2lCF2CF2CF2i(u0«)j  deflagrated  on 
wanning  to  ambient  temperature,  as  did  (CF3)2CFI(CK>4)2 
on  heating  above  its  melting  point. 

The  high-yield  conversion  of  (Rr)jI+I(C104)4-  to  2RfCK)4 
is  an  unusual  ard  very  interesting  reaction.  In  addition,  the 
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(Rf)2l+  cation  might  be  a very  useful  alkylating  reagent  for 
the  introduction  of  perfluoroalkyl  groups. 

.t-Pcrfluorohcptyl  perchlorate  exhibited  the  typical  covalent 
perchlorate  mass  spectrum  and  vibrational  spectra  (Table  II). 
Its  19F  nmr  spectrum  was  especially  informative  with  regard 
to  the  fluorocarbon  part  of  the  molecule  but  it  was  more 
complex  than  the  other  RiClOa  moieties  owing  to  the  presence 
of  several  closely  similar  CFj  groups.  The  /i-OF^ClO*  nmr 
spectrum  exhibited  five  peaks  showing  relative  area  ratios  of 
3:2:6:2:2.  A schematic  of  the  analyzed  spectrum  is  shown 
below. 

■ j 2.0  Hz — | 

CF* CFf CFj— CRfCFg — CFj CFg— CIO* 

h^-l  !-64HH 

81.2  123.8  121.9  126.4  88.0  ppm 

The  lowest  field  peak  at  81.2  ppm  (area  3).  was  shown  to  be 
composed  of  triplets.  This  peak  is  assigned  to  the  terminal 
CF}  group  with  coupling  to  the  nearest  CF2  (9.1  Hz)  and  the 
next  nearest  CF2  (2.0  Kz)  groups.  Assignment  of  the  next 
peak,  88.0  ppm  (area  2),  to  the  -CF2CIO4  fluorine  resonances 
can  be  readily  made  by  comparison  with  known  RrCFzOX 
values.18-22  This  peak  is  a poorly  resolved  triplet  due  to 
coupling  (6.4  Hz)  with  the  adjacent  CF2  group.  Since  CF2 
groups  a to  Cl- 3-  arc  generally  of  lower  field  shift  than  those 
a to  -CF20X,1*-22'23  the  remaining  two  peaks  of  area  2 are 
assigned  respectively  to  the  CF2  (123.8  ppm)  a to  the  terminal 
CF}-  and  the  CF2  (126.4  ppm)  a to  the  -CF2CIO4  termi- 
nation. The  remaining  peak,  121.9  ppm  (area  6),  is  thus 
assigned  to  the  three  central  CF2  groups  which  are  nearly 
equivalent.  This  peak  is  not  symmetrical  but  has  a weak 
shoulder  at  122.S  ppm  which  can  be  ascribed  to  a slig'/; 
nonequi valence  of  one  of  the  three  CF2*s,  perhaps  the  centa  l 
one  in  the  seven-carbon  chain.  Further  verification  of  the 
identity  of  this  perchlorate  was  obtained  through  its  quan- 
titative CsF-catalyzed  decomposition  into  FCIO3  and  n- 
CsFirCFO. 

The  synthesis  of  1 ,2-bis(pcrch!orato)tctrafluoroethane  was 
attempted  from  ICF2CF2I  and  CI2O4.  In  the  absence  of  a 
solvent,  it  was  found  that  the  consumed  CI2O4  amounted  to 
only  slightly  more  than  that  required  for  reaction  of  one  I atom. 
This  occurred  despite  relatively  long  ( I week)  reaction  periods 
at  -45°.  One  of  these  reactions  which  had  gone  smoothly  but 
incompletely  at  -45°  deflagrated  while  being  maintained  at 
-25*.  Normally,  the  volatile  products  recovered  from  this 
reaction  were  ICF2CF2CIO4,  ICF2CF2CI  (a  minor  amount 
usually),  Ch,  and  CI2O7.  The  RfCI04  yield  (50-60%)  was 
generally  nowhere  near  so  good  as  that  obtained  with  other 
Rrl  compounds. 

When  a solvent  was  used  to  promote  the  substitution  of  both 
iodines  in  ICF2CF2I.  ICF2CF2CIO4  was  still  the  main  product. 
However,  a viscous  liquid  of  low  volatility  was  isolated  in  very 
small  amounts  which  was  identified  as  O4CICF2CF2CIO4  by 
l9F  nmr  and  ir  spectroscopy.  The  infrared  spectrum  agreed 
very  well  with  that  of  FSO3CF2CF2SO3F24  when  vibrations 
caused  by  the  different  end  groups  were  discounted  and  only 
-OCF2CF2O-  bands  were  considered.  An  improved  synthetic 
technique  is  required  to  study  this  perchlorate  more  fully. 

Fhortcsrio*  Bromide  Reactions.  Attempts  were  made  to 
displace  bromine  from  RrBr  substrates  in  analogy  to  the 
corresponding  iodine  systems.  Again  reactant  ratios  of  CI2O4 
to  RrBr  greater  than  1 were  required  since  any  liberated 
bromine  (BrCI  or  Bn)  can  react  with  CI2O4  to  give  BrClOa.4 
The  latter  might  or  might  not  participate  in  additional  dis- 
placement of  bromine  from  RrBr.  A 4-week  reaction  uf 
BrCF2CFBrC  FBrCFiBr  and  excess  CI2O4  proceeded  ac- 
cording to 

C4F.Br4  + 4CI,04  - C.F.Br^aO.),  + 2BrC104  + 20, 


Schack,  Pilipovich,  and  Christe 

The  l9F  nmr  spectrum  of  this  bisperchlorate  showed  it  to  be 
a single  isomer.  It  exhibited  only  two  basic  types  of  C-F. 
These  peaks  were  readily  assignable  by  comparison  with  known 
species*'2*  to  terminal  -CF2CIO4  fluorine  atoms  (79.3  ppm) 
and  internal  >CFBr  fluorine  atoms  (125  ppm).  The  resonance 
characteristic  of  -CF2Br  fluorines  (~60  ppm)  was  totally 
absent.  Also,  the  peak  area  ratio  of  2:1  established  that  this 
product  was  wholly  04ClCF2CFBrCFBrCF2CI04.  However, 
the  absorption  of  the  >CFBr  fluorines  was  split  into  two  lines 
(124.6  and  1 26.1  ppm)  with  the  low  field  line  having  about 
one-fourth  the  intensity  of  the  other.  The  proximity  of  these 
peaks  indicates  strongly  that  they  are  due  to  two  different 
rotational  isomers.  This  is  not  surprising  in  view  of  the  many 
bulky  groups  on  the  carbon  backbone.  With  Br  atoms  on 
adjacent  carbons,  the  trans  isomer  would  be  expected  to  be 
preferred  as  previously  demonstrated26  for  BrCF2CFBr2. 

The  identification  of  04ClCF2CFBrCFBrCF2C104  was 
aided  by  examining  the  product  of  the  reaction 

CF,=CFCF=CFt  + 2BrCK>4  - C4F4Br,(a04), 

This  interaction  proceeded  smoothly  and  efficiently  fcdow  room 
temperature  to  give  the  identical  bisperchlorate  in  87%  yield. 
Thus,  the  first  reaction  step  must  have  been  the  following  polar 

1 ,2  addition  of  BrCK)4  to  the  diolefin 

av=CFCF=CF,  + BiC104  - 04OCF,CFBiCF=CF, 

followed  by  the  addition  of  a second  BrC104  in  the  same 
fashion 

04ClCF1CFBrCF=CF,  + BiCIO,  ^O.CICF.CFBtCTBrCF.aO. 

Thus,  the  symmetrical  bisperchlorate  is  formed  with  all 
perchlorate  groups  in  the  1 ,4  positions  as  expected  on  the  basis 
of  our  previous  studies.* 

The  corresponding  CI2O4  adduct  of  perfluorobutadicnc  was 
also  prepared  in  96%  yield.  The  physical  appearance,  vapor 
pressure,  and  infrared  spectrum  (CIOs  and  C-F  bands)  of  the 
adduct  were  much  like  its  Br  counterpart.  However,  the  19F 
nmr  spectrum  clearly  indicated  that  a more  random  addition 
had  occurred.  The  observed  resonances  were  of  three  basic 
types,  all  of  which  were  well  separated  and  readily  assign- 
able:*2* (1)62  ppm  -CF2CI.  (2)  83  ppm  -CF2CIO4.  and  (3) 
130  ppm  >CFZ  (Z  * Cl  or  CIO4).  The  finding  of  both 
perchlorate  and  chlorine  terminal  groups  and  peak  area 
measurements  show  that  both  1,2  and  1,4  additions  occurred 
as  the  first  step.  Equations  illustrating  the  1,4  addition  are 

CF,=CFCF=CF,  + C1,04  - 04aCFJCF=CFCl;>a 

04OCFJCF(C104)CFC1CI;)a 

o4aa1CF=CFCF1a  + a,o, 

s'o.aci,cracF(aojch,a 

Based  on  peak  area  measurements  and  assuming  that  1 ,2 
attack  gives  a single  product  as  discussed  for  the  BrCI04 
example,  then  CI2O4  addition  gave  somewhat  more  1,4  than 

1,2  products. 

Further  substitution  of  bromine  in  (04ClCF2CFBr-)  by  a 
perchlorate  ligand  was  sought  using  CI2O4.  From  the  evolved 
CI2,  it  appeared  that  ~40%  reaction  had  occurred  after  8 
weeks  at  -45  to  -25*.  In  appearance,  the  liquid  product  was 
unchanged— still  dear,  colorless,  and  mobile.  Iu  infrared 
spectrum  exhibited  minor  but  distinct  differences  from  the 
starting  material.  In  particular,  the  CJQ<  absorptions  appealed 
relatively  more  interne  and  broad  than  they  did  in  the  starting 
material  The  >9F  nmr  spectrum  confirmed  the  rfmfH  nature 
of  this  liquid  compared  to  the  bisperchlorate  compound. 
Rather  than  just  two  types  of  C-F  as  in  the  starting  material 
(79.3  ppm  for  CFiCIO#  and  125  ppm  for  >CFBr),  this 
material  had  three  different  types  of  C-F  resonances’  81  ppm 
-CF2CIO4. 125  ppm  >CFBr,  and  135  ppm  >CFCK>4.  The 
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relative  area  ratk*  for  these  types  indicated  about  35%  of  the 
>CFX  fluorines  were  of  the  X = CIO*  type.  Furthermore, 
each  of  the  three  types  of  C-F  found  consisted  of  two  or  more 
unequal-area  peaks  of  similar  shifts  (±  1 ppm),  indicating  the 
presence  of  different  isomers.  Since  only  35%  of  the  original 
Br  had  been  substituted,  the  above  nmr  spectrum  is  that  of 
a mixture  of  starting  materia!  with  either  a tris-  or  a tct- 
rakisperchlorate.  Distinction  between  these  two  possibilities 
is  not  possible  owing  to  their  low  volatilities.  However,  we 
would  expect  the  formation  of  the  trisubstituted  compound 
to  be  favored  over  that  of  the  tetrakisperchlorate. 

Another  RfBr  compound  tested  with  CI2O4  and  BrCIO*  was 
CF.CFBrCFiBr.  Yields  of  CF3CFB1CF2CIO4  as  high  as  45% 
were  obtained.  The  product  was  identical  in  its  physical  and 
spectral  properties  with  the  material  previously  synthesized8 
by  BrCIO*  addition  to  the  corresponding  olefin.  Added 
Cs+CIO*  or  NCh+CIO*  did  not  catalyze  the  above  reactions. 

Further  studies  who  RfBr  species  showed  that  BrCF2CF2Br 
reacted  very  slowly  and  incompletely  with  CI2O4  giving 
BrCF2CF2C104  in  1 1%  yield  (after  purification)  according 
to 

BrCF,CF,Br  + 20,0,  - BiCF,CF,C10,  + Cl,  + BrCIO, 

The  infrared  and  19F  nmr  spectra  of  the  product  correlate  well 
with  those  of  the  known  CICF2CF2CIO48  and  of  ICF2CF2CIO4 
which  was  discussed  above.  In  addition,  it  was  shown  that  CsF 
decomposed  this  perchlorate  to  BrCF2CFO  and  FCIO3  as 
expected. 

Other  RrBr  compounds  found  not  to  react  with  either  CUO* 
or  BrCIO*  despite  long  contact  times  were  CF3CF2Br, 
BrCF2CF2CF2Br,  and  CF3CFBrCF2C104. 

From  these  various  R(Br~Cl204  studies,  the  pattern  emerged 
that  some  primary  and  even  some  secondary  Br  can  be  dis- 
placed by  ClOa.  There  are,  however,  marked  differences  in 
the  rate  and  degree  of  these  displacements:  C*F6Br*  > 
CFsCFBrCFzBr  > BrCF2CF2Br  »>  CtFsBr.  Furthermore, 
the  reaction  appears  to  be  sensitive  to  the  nature  of  the  group 
adjacent  to  the  C-Br  bond.  When  these  arc  perfluorinated, 
as  in  CFsCFzBr  or  BrCF2CF2CF2Br  or  CF3CFB1CF2CIO4, 
no  substitution  takes  place.  If  the  group  is  cither  -CFBr-, 
-CF2Br,  or  -CF2CIO4,  some  substitution  occurs. 

Attempted  Syatkeeb  of  Geminal  Bisper chlorates.  All  of  the 
preceding  experiments  were  aimed  at  the  introduction  of  a 
single  pcrchlorato  group  per  carbon  atom.  It  appeared  very 
interesting  to  examine  the  possibility  of  synthesizing  compounds 
containing  more  than  one  perchlorato  group  per  carbon  atom. 
To  this  end,  dibromodifluoromclhane  and  O2O4  were  allowed 
to  react  at  -45°  for  3 weeks  producing  the  anticipated  CI2  and 
BrCIO*  by-products.  However,  the  onlj  carbon-containing 
materials  accompanying  those  compounds  v .re  COF2  and 
COFCI,  accounting  for  95  and  5%,  respectively,  of  the  carbon 
in  CFzBr2.  Chlorine  heptoxide  constituted  the  other  significant 
product.  These  moieties  most  certainly  arose  from  the  sequence 
CF, Br,  t 40,0,-20,  + 2BrC10,  +■  K'l  ,<aO,),| - 

cor,  + 0,0, 

Apparently  geminal  CIO*  groups  are  unstable  toward  de- 
composition into  carbonyl  compounds  and  CI2O7. 

Flworocsrboa  Chloride  Reactions.  Numerous  RrCl  com- 
pounds were  investigated  and  it  was  ascertained  that  mono 
or  di,  primary  or  secondary  chlorine  contained  in  saturated 
RfCI  materials  was  unreactivc.  Those  compounds  examined 
that  did  not  react  with  CI2O4  were  CFiCI,  C1CF2CF2C1, 
CICF2CFCI2,  CF)CFC1CF:CI, 


CFsCFCKTzCIO*.  and  C4Ff.Cl7(CI04)2.  Trichlorofluoro- 
methanc  did  react  but  gave  COFCI  and  CI2O7  as  primary 
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products.  Once  again  apparently  geminal  CIO*  groups  were 
unstable  with  respect  to  the  formation  of  >C—0  and  CI2O7. 

General  Coasideratioas.  In  spite  of  the  large  amount  of 
experimental  data,  it  remains  difficult  to  rationalize  all  of  the 
observed  reactions.  For  the  alkyl  iodides,  a simple  halogen 
elimination  reaction  according  to 

>C-Hal  + Hil-OC’.O,  — M7-0C10,  + Hal-Hal 
6+  6—  6+  6— 

certainly  is  not  applicable,  since  the  isolation  of  the  (Rf)2l+ 
I(C10*)*  intermediate  suggests  an  oxidation  of  iodine  to  a 
+III  oxidation  state  followed  by  complex  rearrangements.  In 
the  case  of  chlorine  compounds,  such  as  CFCI3,  which  in- 
teracted with  CI2O4,  the  halogen  elimination  mechanism  shown 
above  is  more  likely  owing  to  the  fact  that  CI2O4  is  probably 
not  a strong  enough  oxidizer  to  oxidize  Cl  to  the  +111  state. 
Thus,  it  is  possible  that  the  reaction  chemistry  of  the  alkyl 
iodides  might  be  entirely  different  from  that  of  the  corre- 
sponding chlorides.  Obviously,  systematic  and  more  so- 
phisticated kinetic  and  structural  studies  should  be  carried  out 
on  these  interesting  systems  to  determine  reliably  the 
mechanisms  involved  and  to  avoid  undue  speculation. 
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AN  IMPROVED  SYNTHESIS  OF  FClOj 

K.  0.  Christ©*,  R.  D.  Wilson,  and  C.  J.  Schack 
Rocketdyne,  a Division  of  Rockwell  International, 

Canoga  Park,  California  91304 

< T.tcttrtd  A Nottmbtr  1974) 

The  literature  methods  reported  (1)  for  the  synthesis  of  FC102  are  inconvenient, 
since  they  either  involve  the  fluorination  of  shock  sensitive  chlorine  oxides 
or,  as  in  the  case  of  the  KClOj  ♦ BrFj  reaction  (2),  result  in  product  mixtures 
which  are  difficult  to  separate.  In  this  note,  we  report  an  improved  synthesis 
of  FClOj  froa  NaCICj  and  ClFj  which,  in  our  opinion,  is  sore  convenient  than 
the  literature  Methods.  It  is  based  on  the  previous  observations  (3,4)  that 
gaseous  ClFj  reacts  with  KClOj  to  produce  FC102  in  high  yield,  but  it  reduces  the 
ClFj  requirement  by  60  percent. 


In  our  method,  dry  NaClOj  is  combined  with  approximately  an  equimolar  amount  of 
ClFj  at  -196*  in  a stainless  steel  cylinder.  The  mixture  is  kept  at  room  tem- 
perature for  about  one  day.  Chloryl  fluoride  is  thus  obtained  in  high  yield 
according  to  the  idealized  stoichiometry: 

6NaC10j  ♦ 4ClFj  6NaF  ♦ 2C12  + 30j  + 6FC102 

The  products  condensible  at  -196*  can  be  separated  either  by  fractional  dis- 
tillation (bp:  C12"-33.8,  FC102»-6,  C1Fj»11.75*)  or  by  repeated  fractional 
condensation  through  a series  of  U-trsps  kept  at  -95,  -112,  and  -126*.  The  use 
of  well  passivated  metal.  Teflon,  or  KelF  equipment  is  essential  for  handling 
FC102.  The  use  of  larger  than  stoichiometric  amounts  of  ClFj  in  the  above 
reaction  is  recommended  to  avoid  the  possible  formation  of  chlorine  oxides. 

The  substitution  of  the  previously  used  (S,  4)  KClOj  by  NaClOg  is  significant 


( 
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since  KF  fonts  • 1:1  adduct  with  ClFy  whereas  NaF  does  not.  Therefore,  the 
use  of  NaClOj  reduces  the  ClFj  requi resent  for  the  reaction  by  60  percent. 

In  summary,  the  above  process  incorporates  the  following  advantages:  (1) 
safety,  no  shock  sensitive  materials  must  be  handled,  (2)  better  utilization 
of  ClFj,  and  (3)  good  product  purity. 

a 

We  have  also  examined  the  synthesis  of  FC102  according  to  Faust  et  al.  (5). 
According  to  their  claim,  FC102  can  be  prepared  in  50%  yield  by  simply  heating 
a mixture  of  C1F  and  02  for  about  one  day  to  80  * 90*.  This  process  would  be 
superior  to  any  of  the  previously  reported  syntheses.  However,  duplication 
of  the  experiments  of  Faust  et  al.  (5)  in  our  laboratory  fniled  to  produce 
significant  amounts  of  FClOj.  For  example,  heating  mixtures  of  C1F  and  02 
in  a well  passivated  (with  CIF^)  Monel  cylinder  to  80  - 90"  for  one  day  isider 
an  autogenous  pressure  of  1000  psi  produced  only  a trace  of  FC10Z  (less  than 
0.1%).  We  believe  that  the  observation  of  a trace  of  FC102  in  the  products 
is  not  due  to  FC102  formation  from  C1F  and  02  but  due  to  thu  following  well 
known  (6)  hydrolysis  of  C1F  during  the  handling  of  the  starting  materials 
and  products: 

5 C1F  * 2HjO  - 4HF  ♦ PC102  ♦ *X12 

The  failure  to  obtain  FC1U,  from  C1F  and  02  by  simple  heating  agrees  with  the 
following  observations:  (i)  chlorine  oxyfloorides  are  extremely  difficult  to 
prepare  by  oxygenation  of  chlorine  fluorides;  (ii)  thermodynamics  favor  the 
decomposition  of  FC102  to  C1F  and  Oj  at  was  also  demonstrated  by  kinetic  studies 
of  th«  thermal  decomposition  of  FCICj  (7,  8). 
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Electron  Spin  Resonance  Study  of  O2+  Salts. 

Influence  of  Crystal  Field  Effects  and  Relaxation 

IRA  B.  GOLDBERG,*  KARL  O.  CHRISTE,  and  RICHARD  D.  WILSON 

Received  June  14.  1974  AIC40379C 

Electron  spin  resonance  spectra  of  polycrystalline  Ot+BFs',  02+AsF6‘,  02+SbFs~,  and  02+Sb2Fir  were  recorded  over 
the  temperature  range  -190  to  +20*  at  9.35  GHz.  The  g tensors  calculated  from  simulated  spectra  of  02+BF4",  02+AsF6', 
and  02+Sb2Fi  r at  -196°  indicated  the  ions  are  in  sites  of  orthorhombic  or  lower  symmetry.  Two  of  the  components  of 
the  ft  tensor  were  between  1 .96  and  2.00.  The  third  component  was  between  1 .73  and  1 .76  in  agreement  with  crystal  Field 
theory.  The  line  shapes  were  lorentzian  indicating  that  dipolar  broadening  is  at  least  partially  averaged  by  thermal  motion. 

Above  -196*,  the  line  widths  of  the  spectra  increased  rapidly  indicating  a relaxation  process  which  has  a small  activation 
barrier.  The  spectrum  of  02'fSbF6~  was  very  broad  at  -196°  and  exhibited  additional  lines  of  magnetic  Fields  in  the  region 
of  1000-1500  G.  This  may  be  due  to  strong  exchange  between  nearest  02+  ions.  An  improved  synthesis  of  02+BF4~  was 
described  involving  low-temperature  uv  photolysis  of  a BF3-F2-O2  mixture. 


Introduction 

The  preparation  of  a variety  of  dioxygenyl  salts  has  been 
reported.1  *2  Although  electron  spin  resonance  (esr)  has  been 
used  to  confirm  the  paramagnetic  character  of  dioxygenyl 
tetrafluoroborate3-4  and  hexafluoroarsenatc.5  no  interpretations 
of  these  spectra  have  been  reported.  An  esr  spectrum  was 
reported  for  Ch+BFc  at  -196°  consisting  of  one  asymmetric 
line  with  a peak  to  peak  line  width  (A/fpp)  between  400  and 
500  G and  a g factor  between  1 .94  and  1 .97. 3-4  The  spectrum 
reported  for  02+AsF6~  was  characterized  by  a g factor  of 
1 .9880  ± 0.0002  and  a temperature-dependent  line  width  of 
24  G at  -50°  and  66  G at  23°. 5 Both  the  BFx  and  the  AsFs- 
anions  are  large  such  that  both  materials  would  be  expected 
to  exhibit  similar  spectra.  Recently,  esr  spectra  of  O’+SbFs, 
02+AsF6~,  and  Ch+SbzFi  r at  temperatures  near  liquid  helium 
were  studied.  These  spectra  were  interpreted  in  terms  of 
neer-axial  symmetry.6  Values  of  g±  were  about  1.97  and  those 
of  gl  were  1 .73.  In  addition,  the  magnetic  susceptibility  of 
these  salts  and  the  l9F  nmr  of  C>2+AsF6  were  reported  6 

Esr  spectra  of  concentrated  paramagnetic  samples  generally 
exhibit  a variety  of  relaxation  processes.  Dipolar  broadening 
results  from  the  various  magnetic  fields  generated  by  the  close 
magnetic  dipoles  acting  on  the  central  ion.  Exchange  processes, 
cross  relaxation,  or  motion  of  the  magnetic  ion  can  also  cause 
a modulation  of  the  magnetic  energy  levels  and  therefore  relax 
the  spin  states.  The  O24  ion  has  the  additional  possibility  of 
Jahn-Teller  relaxation  since  it  is  in  a nearly  degenerate  state. 
In  a crystal  field  which  is  symmetric  with  respect  to  the  in- 
temudear  axis,  two  states  art  separated  only  by  the  spin-orbit 
coupling  energy  (about  203  cm'1 ).  These  effect*  have  not  been 
considered  in  the  interpretation  of  the  «;  spectra  of  compounds 
of  Ch+. 

Esr  spectra  have  been  observed  for  02+  and  the  isoelectron ic 
species  N2  and  NO  in  single  crystals  and  adsorbed  on  surfaces. 
Detailed  studies  of  02+  on  rutile  surfaces,7  N2'  in  single 
crystals  of  irradiated  azides,8  and  nitric  oxide  adsorbed  on 
various  surfaces8- 1 1 and  generated  by  irradiation  in  azides1 2 
have  been  reported.  Nitric  oxide  in  single  crystals  and  on  some 
surfaces  exhibits  spectra  characteristic  of  a three-component 
g tensor  when  the  line  widths  are  sufficiently  narrow  so  that 
all  components  can  be  resolved.  On  some  surfaces  NO  exhibits 
a spectrum  with  a broad-line  characteristic  of  apparent  axial 
symmetry;  however,  simulations  assuming  axial  symmetry  do 
not  accurately  reproduce  the  spectra. 

Synthetic  aspects  add  further  interest  to  this  study.  Recent 
communications13-14  indicate  that  the  previously  reported 
photochemical  synthesis  of  02+SbF«-  results  in  a product  which 
contains  appreciable  amounts  of  the  dimeric  anion  SbzFi  r. 

• To  whom  correspondence  should  be  addressed  at  the  Science  Center. 


In  addition,  no  convenient  synthesis  has  been  reported  for  the 
preparation  of  02+BF4'. 

In  view  of  the  discrepancies  in  the  esr  spectra  of  O2+  and 
for  the  purpose  of  understanding  the  behavior  of  O2+  in  a 
crystalline  environment,  we  have  investigated  the  esr  spectra 
of  this  ion  in  the  presence  of  several  counterions.  In  addition, 
an  improved  synthesis  is  reported  for  O2BF4. 

Experimental  Section 

Preparation  of  O2+  Saha.  The  Oj+A*F6  and  Oi+SbFV  samples 
were  prepared  at  200°  from  O2,  F2.  and  AsFs  or  SbFs,  respectively, 
in  Monel  cylinders  according  to  the  method  of  Beal,  el  «/.'*  Material 
balances,  vibrational  spectra,16  and  elemental  analyse*  (oxygen  content 
was  determined  by  displacemeent  reaction  with  excess  FNO  at  -78* 
and  As  or  Sb  were  determined  by  conventional  techniques)  showed 
that  the  solid  products  had  the  compositions  02*AsFt  and  Oi+- 
SbF* -O.OfiSbFs,  respectively.  A sample  having  the  composition 
O2+SbF6'-0.73SbFs  was  prepared  by  the  above  method  but  by  heating 
the  starting  materials  to  150*  for  12  hr.  A sample  of  Oz+SbzFir 
was  prepared  by  uv  photolysis  of  a l:'/2:2  mole  ratio  mixture  of 
02-Fj-SbFs  in  a manner  similar  to  that  described  by  McKee  and 
Bartlett.14 

For  the  synthesis  of  02+BF4‘,  a 1-1.  Pyrex  bulb  containing 
equimolar  amounts  of  O2,  F2,  and  BFj,  at  a total  pressure  of  800  mm, 
was  exposed  for  7 days  to  uv  radiation  from  a high-pressure  mercury 
lamp  (Hanovia  616A,  100  W)  equipped  with  a water  filter.  The 
condensing  tip  of  the  reactor  was  kept  at  -78*.  The  solid  02+BF«- 
accumulated  in  the  cold  section  of  the  reactor  and  was  periodically 
removed  at  0s  from  the  walls  to  the  bottom  of  the  reactor  by  means 
of  an  ultrasonic  cleaning  bath.  After  completion  of  the  photolysis, 
products  volatile  at  -78*  were  removed  in  vacuo.  The  white  solid 
residue  wa^  transferred,  while  cold,  from  the  Pyrex  container  to  a 
Teflon-FEP  ampoule  in  an  inert-atmosphere  glove  box.  Vibrational 
spectroscopy17  and  elemental  analysts  (sec  above)  showed  the  product 
to  be  0:+BF4  . The  yield  was  5 1%. 

Ear  Spectra.  Esr  spectra  were  obtained  on  a modified  Vartan 
V-4502  dual-cavity  ear  spectrometer.18  The  magnetic  Field  was 
monitored  using  s sample  of  Mn2+  in  forstcrite.14  Each  of  the  six 
lines  from  the  Mn2+  were  narrower  than  1 .5  G,  and  the  splittings  and 
the  1 factor  were  determined  against  DPPH  (g  * 2.00365)  using  a 
proton  resonance  probe  to  calibrate  the  magnetic  Field.  The  ear 
parameters  for  Mn2+  were  g m 2.00095  ± 0.00006  and  a m 86.75 
± 0.05  G.  To  calibrate  the  Field  difference  from  the  field  corre- 
sponding to  gMa»  for  each  manganous  line,  the  hyperfine  Hamiltonian 
was  expanded  to  second  order. 

The  reference  channel  was  operated  at  100- kHz  field  modulation, 
and  the  sample  channel  was  operated  at  14.7-kHz  with  a set  of 
water-cooled  coils  which  allow  peak-uvpeak  modulation  amplitude* 
up  to  100  G.20  In  all  spectra,  the  modulation  amplitude  war  Its*  0.1 
of  the  peak-to-peak  line  width  of  the  spectrum.  Simulations  of  the 
powder  spectra  were  carried  out  by  the  method  of  Griscom,  Taylor, 
Ware,  and  Bray21  on  a CDC  6600  computer  with  a Caloonsp  plotter. 
Three  components  c/ig  tensor  were  required  to  simulate  the  spectra. 
Since  two  components  were  very  dose  (g»  and  gv)  and  one  component 
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Table  I.  Etr  Parameters  of  Dioxygenyl  Compounds  at  - 196* 


Sx 

gy 

g. 

Atfgp.* 

A,5 

cm'1 

104£.( 

cm'1 

0,AiF4 

2.000 

1.973 

1.742 

80 

1480 

1.00 

o3bf. 

2.00 

1.98 

1.78 

260 

1500 

2.0 

OjSbF, 

1.75 

Isotropic 

2200 

OjSb,F,, 

1.970 

1.958 

1.729 

120 

1960 

1.20 

a Lorentzian  line  width  used  to  emulate  the  powder  spectrum. 
b Parameters  derived  from  g factors  assuming  \ = 19S  cm' 1 . 


(gi)  was  at  considerably  higher  fields,  the  dependence  of  magnetic 
field  on  the  intensity  was  treated  by  the  relationship 

where  / is  the  intensity  and  g is  the  apparent  g factor  given  by  k*/0H. 
This  is  analogous  to  the  relationship  derived  by  Bieancy.22 

Samples  of  the  dioxygenyl  salt  were  placed  in  4-mm  Teflon- FEP 
or  quartz  tubes  and  heat  sealed.  The  Teflon-FEP  tubes  exhibited 
a weak  spectrum  of  two  lines  each  about  1 C wide,  at  points  very  dose 
to  g 2.  Under  the  high  powers  and  high  modulation  amplitudes 
used,  these  lines  were  broadened  and  weakened  even  further.  At  liquid 
nitrogen  temperatures  where  large  signals  were  observed,  low  gains 
and  small  modulation  amplitudes  were  used  and  the  Teflon-FEP 
spectrum  was  too  weak  to  be  detected.  Samples  prepared  in  Monel 
vessels  exhibited  a weak  line  about  20  G wide  at  -196*.  This  is 
probably  due  to  a copper  or  nickel  ton  impurity.  This  signal  is  similar 
to  that  previously  repotted  for  Ch+ AsF»  .5  The  samples  of  antimonates 
and  the  arsenates  were  stored  for  several  weeks  at  room  temperature 
with  no  noticeable  decrease  of  signal  intensity.  The  tetrafluoroboratc 
salts  were  stored  at  -20°  and  were  also  stable  for  several  weeks. 

Bf  Hi  ■■■>  Piinwiina 

Syntheses  of  0?+  Salts.  The  previous  reports  on  the 
photochemical  synthesis5  of  Ch+AsFe  and  the  thermal 
synthesis15  of  02+SbF6~  were  confirmed.  For  the  thermal 
synthesis  of  02+SbF6  it  was  found  important  to  keep  the 
reaction  temperature  sufficiently  high,  />.,  at  about  200°,  in 
order  to  suppress  the  formation  of  02+Sb2Fi  1 A reasonable 
explanation  for  this  temperature  requirement  is  the  melting 
point  of  02+Sb2Fir  which  was  recently  reported12  to  be 
180-185®.  Below  180®,  C>2+Sb2Fir  can  solidify  thus  escaping 
further  interaction  with  O2  and  F2. 

The  uv  photolysis  of  02-F2-SbFs  mixtures  yields  mainly 
02+Sb2Fir  and  not  02+SbFt  as  originally  reported.5  This 
finding  is  in  excellent  agreement  with  a recent  study  by  McKee 
and  Bartlett.14  Since  the  esr  spectra  of  02+SbF6  and  02+- 
Sb2Fir  (see  below)  strongly  differ,  they  are  useful  for  dis- 
tinguishing the  two  compounds. 

The  previously  reported  syntheses1  of  C>2+BF4  required 
oxygen  fluorides,  such  as  O2F2  or  O4F2,  as  starting  materials. 
Since  these  oxygen  fluorides  arc  difficult  to  prepare  (low- 
temperature  glow  discharge,  7 irradiation,  or  photolysis)  and, 
owing  to  their  thermal  instability,  inconvenient  to  handle,  a 
direct  synthesis  from  O2,  F2,  and  BF3  appeared  desirable.  We 
have  found  that  Ch+BF4  can  easily  be  prepared  by  uv 
photolysis  of  O2-F2-BF3  mixtures.  During  this  photolysis  part 
of  the  reactor  must  be  kept  at  -78®  to  avoid  thermal  de- 
composition of  the  product  which  is  of  only  marginal  thermal 
stability  at  ambient  temperature.  Our  yield  (--50%)  of 
O2+BF4'  and  conversion  rates  could  probably  be  significantly 
improved  by  choosing  a reactor  geometry  more  favorable  than 
the  cold-finger  Pyrex  bulb  used  in  our  experiment. 

Ohesrswl  Spectra.  Parameters  determined  from  the  ear 
spectra  of  O25"  compounds  are  given  in  Table  I.  Although 
the  spectra  of  02*Sb2Fir  and  Ch+AsF<,  at  -196°  appear 
characteristic  of  radicals  with  axial  symmetry,  the  spectra 
cannot  be  accurately  simulated  unless  three  independent  g 
factors  arc  used.  The  experimental  and  computed  spectra  of 
02+AsFs_  are  shown  in  Figure  I . The  spectrum  of  02+BF4 
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Figure  1.  Esr  spectrum  of  dioxygenyl  he xafluoroar senate  at  -196° 
(solid  line)  and  computer  simulation  using  the  parameters = 2.000, 
gy  - 1.973,g,  = 1.742,  and  A.'/pp  = 80  G (broken  line). 


Figure  2.  Esr  spectra  of  dioxygenyl  fluoroant intonates  at  - 196° 
(frequency  9.317GHz):  (a)  sample  of  composition  0,*SbF4  • 
O.OOSbl  ,;  (b)  sample  of  composition  O,*SbF,"  0.73SbF,. 


is  similar  to  that  described  in  the  literature.3'4  We  obeerve 
an  asymmetric  line  with  a peak-to-peak  width  of  430  G. 
Parameters  shown  in  Table  I were  determined  assuming 
orthorhombic  symmetry.  Due  to  the  low  resolution  of  this 
spectrum,  those  parameters  are  not  particularly  accurate.  The 
spectrum  of  02+SbF6  at  -196®  appears  isotropic  with  a g 
factor  of  about  1 .75  and  a line  width  of  2200  G.  This  spectrum 
and  the  spectrum  of  0’+SbF6  •0.73SbFs  are  shown  in  Figure 
2.  Lines  due  to  gaseous  molecular  oxygen  are  identified  by 
an  asterisk.  The  spectrum  of  O2 f SbF6  0.7 3SbF 5 exhibits  two 
components:  one  component  is  very  broad,  and  the  second 
component  is  similar  to  the  spectra  of  02+Sb2Fn  and  02+- 
AsFs'.  The  broad  component  in  the  spectrum  of  C>2+- 
SbFs-*0.73SbFs  is  considerably  different  from  the  spectrum 
of  02+SbF6  . These  samples  were  prepared  in  Monci  which 
exhibits  magnetic  behavior.  Esr  spectra  of  scrapings  from 
different  parts  of  the  bomb  were  recorded  and  the  spectra 
showed  considerable  variation.  The  line  widths  varied  between 
700  and  1 100  G and  the  field  corresponding  to  the  mean 
amplitude  between  maximum  and  minimum  peaks  of  the 
derivative  varied  between  2100  and  2500  G.  It  is  therefore 
likely  that  the  low-field  component  in  Figure  2b  is  due  to 
Monel.  Apparently  the  Mood  contributes  little  to  the  spectrum 
shown  in  Figure  2a. 

The  line  widths  of  the  spectra  of  02+BF4, C>2+AsF6  , and 
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Figure  3.  Temperature  dependence  of  the  line  width  of  the  esr  gpec- 
trum  of  dioxygenyl  hexafluorcarsenite. 


if: 
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l 
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Figure  4.  Companion  of  ew  spectra  recorded  at  - 196°  (broken 
Uneland  -20°  (to lid  Une)  of  0,*Sb,F11‘  prepared  in  quartz.  Signal 
atg  = 2 is  due  to  an  undetermined  impurity. 

02+Sb2Fir  and  the  narrow  component  of  the  spectrum  of 
O2+SbF6“-0.73SbF5  increase  rapidly  at  temperatures  greater 
than -170°.  The  line  width  of  02+AsF<>  exhibits  an  expo- 
nential dependence  on  1/7  between  -160  and  -70°  as  shown 
in  Figure  3.  The  spectrum  of  02+BFt  appears  to  behave  in 
a similar  way;  however  within  a few  degrees  of  -130®  the 
spectrum  disappears  when  warmed  and  reappears  when  cooled. 
This  suggests  that  a crystal  modification  occurs  at  this 
temperature. 

TTic  compounds  Ch+SbrFir,  02+SbF».  , and  02SbFe  • 
0.73SbF;  exhibit  different  temperature  dependences.  At  -163° 
the  spectrum  of  02+Sb2Fir  is  broadened  and  a low-field 
shoulder  begins  to  appear.  As  the  temperature  is  increased, 
the  original  component  broadens  out,  and  an  asymmetric  line 
with  an  apparent  g factor  of  2.3  emerges  from  the  shoulder. 
Above  -100®.  only  the  “g  » 2.3"  line  can  be  detected  as  shown 
in  Figure  4.  This  sample  was  not  prepared  in  Monel. 

The  spectrum  of  Ch+SbFs  at  -196*  is  very  broad  with  A//pp 
about  2300  G and  a g factor  of  1 .75.  At  higher  temperatures, 
this  absorption  shifts  to  higher  fields  and  low-field  shoulders 
emerge.  These  absorptions  become  defined  at  -60*  with 
apparent  g factors  of  4.69  and  2.83  for  the  low-field  absorptions 
and  approximately  0.9  for  the  nigh-ficki  absorption.  The 
high-field  absorption  can  be  ascribed  to  the  02+  in  which  the 
angular  momentum  is  virtually  unquenched.  The  absorption 
at  g “ 2.83  is  probably  due  to  Monel.  The  absorption  of  g 
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Figure  5.  Energy  level  diagram  of  the  dioxygenyl  ion  showing  the 
o-  and  » -bonding  2p  orbitals:  (a)  energy  levels  in  the  absence  of 
spin-orbit  coupling  and  crystal  field  effects;  (b)  energy  levels  with 
spin-orbit  splitting;  (c)  energy  levels  with  spin-orbit  ana  orthorhom- 
bic field  splittings. 


* 4.69  broadens  with  temperature.  The  spectrum  of  02+- 
SbFs  -0.73SbFs  (Figure  2b)  exhibits  two  components.  At 
temperatures  above  -196®  the  sharper  component  is  again 
bioadcncd.  At  20®,  only  an  800  G wide  absorption  at  g m 2.80 
can  be  seen  which  is  probably  due  to  Monel.  All  spectra 
described  here  arc  reversible  as  the  temperature  is  increased 
or  decreased. 

g Tensor.  In  the  absence  of  spin  -orbit  coupling  and  crystal 
field  effects,  the  dioxygenyl  ion  would  be  in  a degenerate  state, 
and  the  energy  level  diagram  would  be  given  by  Figure  5a. 
Spin-orbit  coupling  splits  the  energy  level*  of  the  2px  and  2px* 
states  (Figure  5b).  Th*  application  of  an  orthorhombic  crystal 
field  further  separates  the  energy  levels  and  quenches  the 
angular  momentum  (Figure  5c)).  Crystal  field  calculations 
were  carried  out  in  a manner  similar  to  that  described  by 
Mergcrian  and  Marshall.12  The  matrix  dements  of  the  crystal 
field  potential  operator  Fcf  are  given  by  cq  1 where  Dirac 

<M|',  M.'l  FC(j MjMj)  = iM{  (1) 

notation  is  used.  Mi  and  Ms  arc  the  azimuthal  quantum 
numbers  for  the  angular  momentum  and  spin,  b is  the  Dirac 
6 function,  and  A is  the  magnitude  of  the  crystal  field  energy. 
The  x and  x*  levels  consist  of  values  of  Mi  which  are  equal 
to  +1  or  -1.  The  spin-orbit  coupling  operator  only  has  di- 
agonal elements  equal  to  XMiMs. 

The  solution  of  the  secular  determinant  gives  the  energies 
of  either  the  2px  or  2px*  states  relative  to  the  energy  of  the 
unsplit  levels.  Each  of  the  two  states  which  result  are  de- 
generate in  spin,  and  the  energies  are  given  in  eq  2. 


Ei  = '/j(A3  + X3)I/J  (2a) 

£’j=-'/j(Aj  +X5)1'3  (2b) 

The  wave  functions  which  correspond  to  these  energies  are 

Jj  (3.) 

♦ 4^J]  }l-l,-'/z>)  (3b) 

Vj«0=W2(ll,7j>-{^  + [l +Q)]  (3c) 

**  »W.(ll-Va>--{£-[l  +(x)]  3}1‘i-~,/l>)  (3d) 

where  N\  and  Ni  are  normalization  constants  given  by 
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nH2[  +(i)T’l 


(4a) 

(4b) 


The  Qr  ion  behaves  in  a similar  way  and  exhibits  the  same 
crystal  field  splittings.  The  difference  between  Or  and  O2+ 
is  that  the  unpaired  electron  of  O2'  is  considered  to  be  in  the 
state  corresponding  to  energy  £1,  while  the  unpaired  electron 
of  02+  is  considered  to  be  in  the  state  corresponding  to  energy 
El. 

The  g tensor  for  the  dioxygenyl  ion  may  be  calculated  by 
the  method  of  Kanzig,  el  al.2i  An  additional  term  which 
contributes  to  the  2pr*  levels  arises  from  interaction  with  the 
2p<r  levels.  This  results  in  a small  admixture  of  ~l/i  spin  to 
wave  functions  which  are  predominantly  of  +*/t  spin,  and  a 
small  admixture  of +l/i  spin  to  the  wave  functions  which  are 
predominantly  -l/i  spin.  The  additional  term  added  to  eq  3c 
is  of  the  form  (A/£)|0,  — */2>,  and  the  term  addsd  to  eq  3d 
is  of  the  form  (A/£)|0,  l/i).  Using  second-order  perturbation 
theory,  the  additional  terms  added  to  the  basis  wave  functions 
are  shown  in  eq  S. 


N-^rr 

* t 

a n* 
,+  A J 

n 

IO.-‘/a>  (5a) 


2 £ 


KDTIE-Snf 


j0.‘/2> 


(5b) 


The  g factors  can  now  be  calculated  using  the  magnetic 
Hamiltonian.  Fields  arc  independently  assumed  along  the  x, 
y,  or  z axes  of  the  dioxygenyl  ion. 

In  the  absence  of  the  Mi  * 0 functions,  only  the  wave 
functions  are  coupled  through  $+  and  The  addition  of  the 
Mi  m 0 functions  allows  coupling  through  1+  and  L~.  The  g 
factors  are  obtained  by  diagonalizing  the  2 X 2 matrices  formed 
by  application  of  //m>|.  This  procedure  is  outlined  in  more 
detail  by  Wertz  and  Bolton.24 

The  results  of  these  calculations  are  given  in  eq  6 which 


shows  that  the  g tensor  should  be  comprised  of  three  different 
principal  values  provided  that  £ is  sufficiently  small. 

Crystal  Field  Effects.  The  ear  parameters  determined  from 
the  simulations,  which  are  given  in  Table  1,  can  be  used  to 
calculate  the  parameters  A and  £ shown  in  Figure  5.  The  g 
factors  of  024AsF<r  and  02+Sb2Fir  are  believed  accurate 
to  ±0.002,  and  that  of  O2+BF4  is  believed  accurate  to  ±0.02. 
There  is  some  doubt  of  the  spin-orbit  coupling  constant  A of 
02+  in  a crystal  lattice.  The  values  of  A are  195  enr1  for  the 
free  ion2*  and  151  cm-1  for  atomic  oxygen.  Since  the  crystal 
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field  probably  reduces  the  value  of  A from  the  free  ion,  the 
correct  value  is  probably  between  151  and  195  cm'1.  In 
principle,  the  value  of  A can  also  be  determined  from  the 
solutions  of  the  simultaneous  equations  (6aM6c),  but  the 
precision  of  the  g factors  is  not  sufficiently  accurate  for  this 
purpose.  Arbitrarily,  the  frcc-ion  value  of  X was  used.  The 
values  of  A and  £ which  are  given  in  Table  I must  therefore 
be  considered  as  upper  limits  of  these  energies. 

These  values  can  be  compared  with  tboae  determined  from 
spectra  of  O2  and  the  isoelectronic  NO.  The  comparUoQ  of 
the  crystal  field  parameters  of  02+  and  O2'  is  valid  since  a 
similar  mixing  of  orbitals  takes  place  to  give  shifts  of  the  g 
factor  from  ge.  In  Nal  where  large  negative  ions  and  small 
positive  ions  surround  the  O2  ion,  the  angular  morncirtuift  is 
unquenched.23  However,  in  other  halides23  values  of  A range 
from  650  to  1200  cm  1 and  values  of  £ range  from  6 X 104 
to  1 5 X 1 04  cm1 . The  precise  values  depended  upon  tlx  sizes 
of  the  ions  and  the  symmetry  of  the  lattice  sites.  The  asym- 
metry was  attributed  to  covalent  interaction  between  the  O:* 
and  the  alkali  metal  ions  since  the  site  of  the  O2  icn  aligns 
in  the  1 10  direction  such  that  the  crystal  ions  are  anally 
symmetric  with  respect  to  the  O2  intranuclear  axes,  in  other 
studies,  alkali  metal-02  compounds  were  trapped  in  an  argon 
matrix  at  4®K,26-27  so  that  the  principal  interaction  is  with  one 
alkali  metal  ion.  In  these  cases  A for  O2  was  considerably 
larger  than  in  alkali  metal  halides. 

Values  of  A and  £ obtained  for  NO  adsorbed  on  various 
zeolites  agree  more  closely  with  the  values  obtained  here  for 
O2 : . Values  of  A range  from  1050  to  1700  cm1,  and  values 
of  £ range  between  1.2  x 104  and  3.7  X lCriand  3tc  consistent 
with  a small  interaction  with  the  surface.9  NO  adsorbed  on 
MgO  a?,d  generated  in  various  crystals  exhibits  larger  va|ues 
of  A and  £,  and  thus  the  elements  of  the  £ tensor  are  much 
closer  to  gt.10  Similarly,  the  N2"  generated  in  KN38  is  also 
in  sites  with  greater  asymmetry  and  exhibits  g factors  closer 
to  gc. 

The  data  of  Table  1 suggest  that  in  02+BFs‘,  02+AsF<t, 
and  02+Sb2Fn  , the  Oa+  cation  is  in  the  site  of  a small  or- 
thorhombic field.  The  origin  of  the  field  can  be  due  cither 
to  covalent  interaction  with  the  fluorine  in  the  complex  anion, 
as  suggested  from  neutron  diffraction  studies  on  024ptfs~ 2* 
or  to  an  asymmetric  arrangement  of  anions  around  0j+. 
Values  of  A were  also  estimated  from  magnetic  susceptibility 
measurements.6  If  a value  for  A of  195  cm'1  is  assumed,  then 
A would  be  about  1400  cnr1. 

Measurements  of  the  spectrum  of  02+SbF6'  at  •'-J50*6 
indicate  that  the  spectrum  is  sharpened  considerably  when  the 
temperature  is  below  -195°,  and  the  O24  ion  may  also  be  in 
an  orthorhombic  environment. 

Temperature  Dependence.  The  spectra  of  each  of  the  Or' 
compounds  exhibit  a strong  temperature  dependence.  In  all 
samples  studied,  as  the  temperature  is  increased,  the  lines 
broaden.  Only  02+AsFs  exhibited  a spectrum  with  a tingle 
component  over  a sufficiently  large  temperature  range  so  tbit 
the  line  width  can  be  investigated  as  a function  of  temperature- 
02+BFr  was  assumed  to  be  linear  over  a narrow  range  of 
temperature.  If  the  slopes  of  In  (AWpp  - A/fo)  vs.  l/T  for 
02+AsF6"  and  Oi^BFv  are  considered  to  be  related  to  ac- 
tivation energies  in  an  Arrhenius  plot,  the  energy  for  the 
relaxation  of  the  spectrum  of  Ozf  AsFs"  is  1 .92  kcal  (690  cpr  >) 
and  that  of  02+BFs  is  1.3  kcal  (470  cm  ‘).  These  values  ate 
considerably  smaller  than  the  crystal  field  energies  calculated 
from  the  g factors  ind  tugger*  that  there  tmy  be  several  modes 
operating  to  causa  relaxation. 

Since  cross  relaxation  and  exchange  interactions  are  possible 
modes  of  relaxations  in  concentrated  paramagnetic  samples, 
attempts  wore  made  to  form  dilute  O24  salts  in  an  NO*A?iV 
lattice.  The  simultaneous  formation  of  NO*  AsF«'  was 
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unsuccessful  since  the  reaction  of  NO  + F2  + AsFs  is  much 
faster  than  that  of  O2  + F2  + AsFs.  The  displacement  of  02+ 
by  NO+  by  exposing  02+AsF6~  to  FNO  at  -77°  did  not 
produce  the  desired  cation  distribution. 

The  mechanism  of  the  relaxation  process  cannot  be  de- 
termined from  line  width  measurements  alone  since  the 
components  of  spin-lattice  and  spin-spin  relaxation  times 
cannot  be  separated.  At  line  widths  in  the  order  of  100  G an 
incident  microwave  power  far  in  excess  of  I he  Klystron  output 
would  be  required  in  order  to  use  progressive  saturation 
techniques.  Based  on  other  measurements  we  can  speculate 
on  the  relaxation  mechanism. 

Calculations  of  the  dipolar  broadening  based  on  the  pub- 
lished crystal  structure  of  the  dioxygenyl  compounds14-9-30 
were  carried  out  according  to  the  model  of  Van  Vleck.31  In 
sill  cases  the  second  moment  was  about  104  G2.  If  this  is  the 
dominant  broadening  mechanism,  the  powder  spectrum  should 
be  simulated  by  convoluting  the  powder  spectrum  onto  a 
gaussian  line  shape  with  a width  of  more  than  100  G 
pcak-to-peak.  However,  for  O2ASF6  and  02+Sb2Fir  lor- 
entzian  lines  were  required.  This  result  indicates  that  at  least 
some  of  the  dipolar  interactions  are  partially  averaged  in  the 
lattice  even  at  -196°. 

Recent  l9F  nmr  studies  of  Ch+AsF*-  indicate  substantial 
cation  motion  in  the  lattice  at  temperatures  above  -240°. 6 A 
similar  conclusion  was  derived  from  electron  diffraction  studies 
of  02+PtF6‘  28  These  results  suggest  that  modulation  of  the 
crystal  field  energy32  is  indeed  one  reasonable  mechanism  for 
relaxation  of  the  electron  spin.  Although  the  spectrum  of 
02+SbF«~  is  extremely  broad  at  -196°,  cooling  further 
sharpens  the  line.6  This  further  suggests  that  in  this  lattice 
there  is  more  room  for  motion  of  the  O21  ion.  Ch+BF4"  is  also 
somewhat  broader  than  Ch+AsF6  and  02+Sb2Fi  r although 
the  crystal  field  is  stronger.  In  the  Ch+BFa  lattice,  the  02+ 
ions  are  closer,  and  it  is  more  likely  that  exchange  processes 
arc  more  significant  than  in  the  other  materials  as  a means 
of  relaxation.  This  would  also  explain  the  apparently  smaller 
activation  energy. 

In  the  three  dioxygcnyl-antimonatc  compounds  studied, 
different  low-field  absorptions  appear  at  temperatures  greater 
than  -130°.  This  may  be  the  result  of  strong  exchange  in- 
teractions between  neighboring  02+  ions.  This  exchange 
process  may  also  account  for  part  of  the  more  rapid  relaxation 
of  02+  at  -196°.  One  mechanism  which  may  account  for  the 
enhanced  exchange  in  the  antimonates  would  be  one  wherein 
the  SbF6~  ion  acts  as  a bridge  between  O24  ions.  This  is  more 
likely  in  antimonates  than  in  any  of  the  other  materials  studied 
since  the  antimon?*cs  are  more  polarizable.  Figure  4 shows 
the  spectrum  o!'02+Sb2Fir  at  -206.  An  asymmetric  line  with 
an  apparent  g factor  of  2.3  can  be  seen. 

Although  these  processes  arc  not  completely  understood,  *he 
different  spectra  of  02+Sb2 Fir  and  C>2+SbF6  at -196°  apjear 
to  be  a simple,  nondestructive  qualitative  method  to  detect  the 
presence  of  Sb2Fir  formed  in  Ch+SbF<>  during  synthesis. 
Figure  2a  demonstrates  that  amounts  of  Sb2Fn  as  low  as 
about  5%  can  be  readily  detected  by  esr. 

CoacbMioas 

1.  g factors  of  Ch+AsF6 , 02+Sb2Fu  , and  Ch+BFv  in- 
dicate strong  orthorhombic  symmetry  around  the  02+  ion  in 
the  lattice. 

2.  Values  for  the  orthorhombic,  crystal  field  and  for  the 
energy  separation  between  e and  x*  states  arc  in  agreement 
with  values  of  O2"  and  NO  in  single  crystals  and  NO  adsorbed 
on  zeolites. 

3.  Several  different  relaxation  processes  to  account  tor  the 
temperature  dependence  of  the  line  width  of  the  esr  spectra 
were  proposed.  Modulation  of  the  ciystal  field  by  ion  motion 


appears  to  be  a dominant  mechanism.  The  spectrum  of 
02+SbF6"  undergoes  faster  relaxation  at  -196°  than  each  of 
the  other  salts. 

4,  Anomalous  spectra  for  dioxygenyl  antimonates  above 
-140°  were  observed.  Absorptions  where  g>  2 may  indicate 
coupling  between  dioxygenyl  ions. 

5.  Because  of  the  difference  between  spectra  of  Oj+SblV 
and  02+3b2Fir  or  O2+SbIV*0.73SbF5  at  - 196“,  esr  can  be 
used  to  demonstrate  the  absence  of  excess  SbFs  in  Ch+SbFi 
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The  NF3+  Radical  Cation.  Electron  Spin  Resonance  Studies  of 
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Exposure  of  NF4+AsF6  and  NF4+SbFs  O.hSbFs  to  “^Co  y rays  at  77°K  gave  two  paramagnetic  centers,  one.  of  which 
is  shown  by  ESR  spectroscopy  to  contain  one  nitrogen  atom  and  three  equivalent  fluorine  atoms.  Based  on  its  magnetic 
properties  it  is  identified  as  pyramidal  N Fj+,  a novel  radical  cation.  The  other  center  exhibits  strong  interaction  of  the 
electron  with  two  fluorine  atoms,  weaker  interaction  with  the  antimony  or  arsenic  central  atom,  and  small  interaction  with 
several  other  fluorine  atoms.  It  is  tentatively  assigned  to  the  electron-loss  species  Ash's,  SbF6,  or  Sb2lFi  i with  the  unpaired 
electron  largely  confined  to  two  fluorine  ligands.  Irradiation  of  N Ft+BFs-  did  not  result  in  well-defined  magnetic  centers. 

An  improved  synthesis  of  NF4+BF4  is  reported. 


Introduction 

Although  carbon  readily  forms  tetrahedral  molecules  with 
eleett  Jnegative  ligands,  such  as  the  halogens,  the  synthesis  of 
the  isoclectronic  nitrogen  compounds  has  been  achieved  only 
recently.1  A.tcmpts  to  prepare  NFa+  salts  had  been  dis- 
couraged by  theoretical  computations2  3 showing  that  these 
salts  should  be  thermodynamically  unstable  and  by  the  non- 
existence ol  the  parent  compound  NF5.  Once  the  principle 
was  recognized1  that  NF<+  salts  can  be  prepared  from  NF3, 
F2,  and  a strong  Lewis  acid  in  the  presence  of  a suitable 
activation  energy  source,  a number  of  synthetic  methods 
became  available.  These  involve  the  use  of  different  activation 
energy  sources  such  as  glow  discharge,4-5  elevated  temperature 
and  pressuie,6  7 7 irradiation  8 and  uv  photolysis.9 

On  exposure  to  high-cne^y  radiation,  CF4  undergoes  the 
dissociative  electron-capture  process 

CF4  h-  e -CF,  + F‘  (1) 

to  give  CF3  radicals  which  have  been  detected  both  in  the 
liquid10  and  solid101,2  phase.  The  fact  that  no  evidence  for 
the  existence  of  the  CFs  radical  anion  was  observed  I3  not 
surprising  in  view  of  the  validity  of  the  octet  rule  for  first-row 
elements  of  the  periodic  system.  A study  of  the  corresponding 
NF<+  system  appeared  interesting,  particularly  in  view  of  the 
recent  suggestion9  that  NF3+  and  the  radicals  derived  from 
the  Lewis  acid-fluorine  interaction,  such  as  Ash,  are  the  key 
intermediates  in  the  formation  r echanism  of  NF*+  salt.  By 
analogy  with  CF4,  one  might  expect  that  NF3+  might  be 
prepared  by  7 irradiation  of  n F4+  salts  according  to 

NF/  +«‘-»NFT  + F-  (2) 

In  this  paper  we  report  ESR  spectroscopic  evidence  for  the 
existence  of  the  novel  radicals  NF3+  and  MFe,  in  addition  to 
an  improved  synthesis  of  NF4+BF4  by  metathesis  in  HF 
solution. 

Experimental  Section 

Syntheses  of  NF<+  Salto.  A sample  of  NI-VSbF*  -O.SSbFt  was 
prepared  as  nreviourly  described7  by  heating  a 1:1.2  I molar  mixture 

* To  whom  cur'espundcncc  should  be  addressed  at  Pockcldyuc. 


of  NFj,  F2,  and  SbFs  in  a Monel  cylinder  to  120*  for  2 days  under 
an  autogenous  pressure  of  200  atm.  The  resulting  white  solid,  having 
the  composition  NF4+SbFt>--l  .9SbFs,  was  converted  to  NF4+ 
SbFs  -0.8SbFs  by  heating  under  a dynamic ' \cuum  to  200*  for  3 
days.  The  compound  was  analyzed  as  previously  described.13  The 
only  detectable  impurities  were  small  amounts  of  Ni  (0.066  wt  %) 
and  Cu  (0.03%)  in  the  form  of  their  salts.  The  synthesis  of  NFs+AsFr 
has  previously  been  described.13  Again,  the  only  detectable  impurities 
v ere  Ni  (0.98%)  and  Cu  (0.27%). 

for  the  synthesis  of  NFs+BFs  by  metathesis,  commercial  HF  was 
dried  by  shaking  it  overnight  in  a 1-1.  Monel  cylinder  with  fluorine 
( 10  1./0.7  kg  of  HF)  after  which  oxyge"  and  residual  fluorine  (ca. 
210  psi)  were  removed  under  vacuum  at  -78°.  The  metathesis 
apparatus,  frbricated  entirely  from  Teflon  and  Kel-F.  consisted  of 
four  identic,'.!  1-1.  vessels  connected  in  series  through  valves  and  Altera 
with  a fittin.z  carrying  a vacuum  line  connection,  a 60-psi  pressure 
relief  valve,  and  a compound  pressure-vacuum  gauge  (Kel-F-coatcd 
diaphragm)  between  the  last  two  ••  -'sels.  In  addition,  each  vessel  was 
stirred  with  a Tef  on-coaled  mar  stirring  bar  and  equipped  with 
a valve  which  by  -passed  (he  filter  for  introduction  or  removal  of 
gaseous  or  liquid  materials.  All  manipulations  of  reagents  and 
products  were  conducted  either  in  an  inert-atmoephere  glove  box  or 
by  standard  high-vacuum  techniques. 

A 251.5-g  (i.94-mol)  quantity  of  silver  fluoride  (Cationic,  Inc.), 
which  contained  2.1%  HF-insoluble  impurities,  was  loaded  into  the 
first  vessel  and  284  g of  HF  was  added.  Into  the  second  vessel  were 
placed  400.5  g (0.822  mol)  of  NF4SbF«-0.8SUF$  and  148  g of  HF. 
The  AgHF2  solution  in  the  first  vessel  was  pressurized  to  30  psi  with 
nitrogen  and  passed  through  a filter  into  the  stirred  NF4+  sall-HF 
solution  under  autogenous  pressure  in  the  second  vessel.  The  resulting 
NF4HF2  solution  was  separated  from  the  AgSbFs  precipitate  by 
filtration  into  the  evacuated  third  reaction  vessel.  After  brief  pumping 
to  remove  the  nitrogen  pressurizing  gas,  BF3  (68  g,  1 .0  mol)  was  added 
to  the  third  vessel  until  the  total  pressure  above  the  liquid  remained 
constant  at  19-20  psi.  The  NF4BF4  solution  was  separated  from  the 
precipitated  AgBFs  by  filtration  into  the  evacuated  fourth  vessel.  After 
removal  of  excess  BF3  and  solvent  HF  the  residual  solid  product  (I0L9 
g)  was  isolated.  The  composition  of  the  solid  (in  mole  percent)  was 
NF4BF4  (89),  NFs  Sb2Fn  (7.9),  and  AgBFs  (3,1). 

7 Irradiation  and  ESR  Spectra.  The  NFs+  salts  were  transferred 
in  the  dry  nitrogen  atmosphere  of  a glove  box  into  passivated  4-mm 
o.d.  quartz  tubes  which  were  flame-sealed  in  vacuo.  For  the  solution 
study,  a 0.24  M solution  of  NFs+SbFs  -O.BSbFj  in  anhydrous  HF 
was  hcat-scaled  in  a Teflon  FEP  tube. 
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Hgurc  I.  I'iisl -derivative  X-b*n>l  ESR  spectrum  for  NF4*Sb- 
F,‘0.8SbF,  after  exposure  to  **Co  7 rays  at  77°K.  showing 
features  assigned  to  species  A and  B.  17ie  intense  central  com- 
ponent steins  in  part  from  paramagnetic  centers  generated  in  the 
quartz  tube. 

The  sample  tube*  were  cooled  to  77*K  prior  to  exposure  to  “Co 
7 rays  in  a Vickrad  cell  at  a non  anal  dose  rate  of  about  4 Mrads  hr 
It  was  necessary  to  expose  samples  to  high  doses  (about  10  Mrads) 
before  good  ESR  signals  were  obtained. 

The  ESR  spectra  were  obtained  with  a Varian  E3  spectrometer 
at  77#K.  Samples  were  annealed  by  gradual  warming  to  above  77*K 
and  recooling  whenever  significant  changes  were  observed  in  the 
continuously  monitored  esr  signals.  Signals  were  independent  of 
sample  tube  orientation  indicating  the  absence  of  sample  graining 
effects. 

Remits  sad  Discussion 

Synthesis.  For  the  preparation  of  NFt+SbFs '•xSbFs  and 
NFe+AsFs  the  previously  reported7  elevated  pressure- 
temperature  method  was  chosen.  For  that  of  NFa+BFa  \ a 
mctathetical  process  similar  to  that  of  Tolbcrg,  et  a/.1*  was 
selected  which  was  significantly  improved  by  substituting  AgF 
for  the  originally  used  l4CsF.  The  reaction  sequence  is  uest 
described  by  cq  3-5.  Since  Ag+HF:  was  used  in  excess  for 
H F 

AgF  + HF Ag*HF, ' (3) 

H F 

Ag*HF,  ‘ + NF/SbF,- — ► AgSbF.i  + NF,'HF, ' (4) 

HF 

NF4*KF,- + BF,— »NF4‘BF4- + HF  (5) 

the  precipitation  of  the  fluoroantimonate.  the  rather  insoluble 
AgBFa  precipitated  from  the  NFa+HFj  solution  upon  BFj 
addition.  This  required  an  additional  filtration  step.  The  level 
of  impurities  (NF4Sb2Fn  and  AgBFa)  in  the  final  crude 
product  is  determined  by  the  solubility  products  of  AgSbFs 
and  AgBFx  in  HF. 

Since  the  NFz+SbFsorSbFs  starting  material  ~nr.  .cadily 
be  prepared  on  a large  scale,7  this  metathetical  p ocess  is  well 
suited  for  the  synthesis  of  larger  amounts  of  Nif-a+BFa*.  Its 
main  drawback  is  the  relatively  low  product  purity.  Using  CsF 
the  purity  i.\  quite  low,  but  with  AgF  we  have  been  ab!*  to 
obtain  purities  as  high  as  89  mol  % of  NF<+BFr.  The  main 
impurities  could  significantly  be  decreased  by  subsequent 
recrystallization14  of  the  crude  NF^BF*  from  suitable 
solvents.  Whereas  the  7-irrad;ation*  and  uv-photolysis9 
processes  yield  purer  products,  .hey  are  at  present  much  less 
amenable  to  scale  up. 

Electros  Spin  Resonance  Spectra.  The  best  defined  spectra 
were  obtained  from  NFx+SbFt,  >0.8SbFs  and  typical  spectra, 
obtained  before  and  after  annealing,  are  given  in  Figures  1 
and  2,  respectively.  The  NFt+AsF6‘  sail  gave  very  similar 
results,  but  NF4+BF4-  proved  to  be  remarkably  resistant  to 
7 rays.  Two  radical  species.  A and  B,  can  be  detected 


Figus*  2.  Siwplc  of  Figure  I but  ifw  umniatt  U abma  |44Tg 
and  rerouting  to  77* it,  ibowiag  ftilqwi  taiyird  U>  caSnai  A. 


in  the  initial  spectra  (Figure  i).  but  radical  B efaesyai  lapuRy 
on  annealing  to  about  150*K,  leaving  a wcd-defuwd  spectrum 
of  A (Figure  2). 

Btinl  A.  Well -defined  wing  (pnrattd)  tnpiets  charac- 
teristic of  hyperfine  coupling  to  UN  |/(w*i)  “ I j eslabhth 
the  presence  of  one  strongly  raw  pled  t*N  nucksa  If  the  outer 
sets  of  triplets  are  described  as  the  ■ ±72  “parallel" 

features  for  NFi+  [/(,VF)  « '/jj  for  the  three  equivalent 
fluorine  atoms,  then  the  ±7:  lines  are  predicted  to  fall  dote 
to  the  mare  intense  set  of  six  lines  in  the  central  region  of  the 
spectrum.  However,  she  apparent  A{  l4N)  coupling  un  these 
inner  features  has  decreased  by  about  I S G relative  to  the  outer 
lines,  and  hence  we  suggest  that  these  inner  lines  contain 
dominant  contributions  arising  from  “anisotropic”  features. 

Interpretation  of  ESR  spectra  for  pyramidal  radicals  of  this 
type  is  complicated  by  tbe  fact  that  the  principal  values  for 
the  three  19F  hyperfine  tensors  lie  along  three  different  axes, 
two  of  which  always  differ  from  thoge  for  the  UN  hyperfine 
coupling.  Also,  there  should  be  a relatively  large  second-order 
splitting  (6)  of  the  M/(19F)  * ±72  lines  which  can  be  ap- 
proximately estimated15  from  • l/iA  j.('*F)/f/i  and  4j. 
= 7< Mx  + At)/ Hi.  From  the  initial  approximate  data,  we 
find  5||  =;  3 G and  5±  =*  23  G.  Thus  the  former  will  be  barely 
defined  in  our  spectra,  but  the  latter  result  is  clearly  significant. 
This  problem  has  been  discussed  in  depth  by  Coope,  et  a!  ,n-16 
especially  for  the  isoclectronic  radical,  CF3,  and  wc  have 
followed  their  procedure  in  arriving  at  the  parameters  listed 
in  Table  1.  The  results  for  CF.i10-12  are  included  for  com- 
parison. 

The  results  for  '9F  of  NFj+  are  in  good  agreement  with 
those12  of  CFj  but  indicate  a small  increase  in  spin  density 
on  fluorine  on  going  from  tF3  to  NFj+.  Since  these  arc  not 
principal  values,  wc  make  no  attempt  to  estimate  the  actual 
spin  density  on  fluorine  from  these  data.  However,  the  data 
for  ,4N  can  be  taken  as  principal  values  and  hence  we  can 
deduce  approximate  spin  densities  in  the  ?s  and  2p  atomic 
orbitals  that  nitrogen  contributes  to  the  total  MO  of  the 
unpaired  electron.  This  we  do  by  dividing  the  A and  2 B values 
by  the  values  for  A°  (550  G)  and  2 B°  (33  G)  estimated  from 
recent  accurate  atomic  wave  functions.17  (A  and  2 B are  the 
experimental  isotropic  and  traceless  parts  of  the  hyperfine 
tensor  components,  and  A0  and  2B°  are  the  corresponding 
computed  values  for  unit  population  of  the  2s  and  2p  AO’s.) 
The  results  (Table  13)  indicate  that  the  total  spin  density  on 
nitrogen  is  about  69%,  and  the  2p:?s  ratio  is  about  2.8.  Only 
the  isotropic  1JC  datum  is  known10  for  l3CF3,  and  this  gives 
about  24%  spin  density  in  the  2s  AO  on  carbon.  The  letter 
vali  might  be  somewhat  high,  since  the  anisotropic  com- 
ponents of  19F  in  &Fi+  and  CFy  are  quite  similar  (133  and 
1 23  G,  respectively)  implying  that  the  spin  densities  on  F and 
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Mi  l.  ESK  U»u  (or  fcatot  m ? -Irradiated  NF4  * Salt!.  To*ether  with  Those  for  CF, 


HypcrfiM  Motor  components,  G*-b 


kUK4 1 

“N,  **C,  ‘“Sb 

it  pc 

t valuM 

1 i Iso 

1 

1 

Iso 

1 

1 

Av 

MK.  * * 

113  90  98.3 

300 

100 

167 

2.003 

2.009 

2.007 

<>/ 

264 

80 

141.3 

CF/ 

272 

143 

-30  or  -60  (m c text) 

63Qft 

420/-* 

490 

-2.00 

-G-10*T  fc  Error*  — * 3G . * Data  raUte  to  (he  Cw  axei  and  therefore  ire  not  principal  value*.  d Reference  12.  * Reference  10. 
f For  two  aquivaiaat  fhsorioc  atoim.  * Approximate  since  number  of  subcomponent!  unknown.  * Weak  coupiini  to  other  fluoride  ljgandl. 
* The  NF,  ’ ugnai*  derivH  from  either  NF4St>F4  or  NF4AiF4  had  experimentally  undistinguixhable  parameters. 


Table  It  Estimated  Spin  Oendties  (%)  for  NF,* 
aad  CF,  on  Central  Atom 

et*  Up1  Total  2p:2t 

Nt/  18  5ol  6tfs  ~ 

CF,  24 

hence  also  on  the  central  atoms  should  be  similar  in  both 
specks.  An  alternate  although  less  plausible,  explanation  might 
be  that  the  atomic  orbitals  of  the  central  atom  in  CF)  have 
more  s character  (i.e.,  a stronger  contribution  from  sp2  hy- 
bridization) than  those  in  NFj+.  This  would  imply  that  CF) 
is  less  pyramidal  than  NFrF 
The  implications  from  the  ESR  data  that  in  NFj+  the  spin 
density  on  F is  somewltat  higher  than  in  CF)  and  that  the 
atomic  orbitals  of  the  central  atom  in  CF)  have  more  s 
character  than  those  in  NF)+  arc  in  accord  with  arguments 
based  on  consideration  of  the  resonance  structures  1-111. 


I II  111 

In  NF)+  the  formal  positive  charge  and  the  higher  oxidation 
state  of  the  central  atom  should  increase  the  effective  elec- 
tronegativity of  the  NF2+  group  when  compared  to  that  of  CF). 
Therefore,  for  NF)+  the  relative  contribution  from  structure 

II  should  be  higher  than  for  CF)  hereby  increasing  the  spin 
density  on  F in  NF)+.  Since  with  an  increasing  electroneg- 
ativity difference  between  X and  r the  XF  bond  becomes  more 
ionic,  the  contribution  from  the  sp2-hybridized  model  I!!  to 
the  bonding  should  be  more  significant  in  CF)  than  in  NF)+. 
In  addition,  model  III  for  NF)+  would  require  an  unfavorable 
double  positive  charge  on  the  NF2  part  of  the  molecule. 

The  failure  to  observe  any  evidence  for  the  NF4  radical  is 
not  surprising  in  view  of  the  above-mentioned  strict  validity 
of  the  octet  rule  for  first-row  elements.  This  is  in  marked 
contrast  with  second-row  elements,  such  as  phosphorus  for 
which  the  corresponding  PF4  has  been  observed.'819  We  have 
also  studied  the  irradiation  products  from  HF  solutions  of 
NF4+SbF'6  -0.8  SbFs  since  it  is  often  found  that  dissociative 
reactions,  such  as  the  hypothetical  process 

NF4~NF/+F-  (6) 

are  solvent  dependent.  Unfortunately,  solutions  in  HF,  the 
only  suitable  solvent,  gave,  after  irradiation,  only  very  broad 
uninformative  features. 

Radical  B.  The  other  species  (B),  lost  during  mild, annealing, 
is  tentatively  identified  as  SbF6  (or  AsFg)  or  Sb)Fi  1 for  the 
\ following  reasons.  (1)  NF)+  is  undoubtedly  formed  by  electron 
v_. 1 capture,  and  the  most  reasonable  initial  electron  loss  center 
is  Sbft.  (2)  The  results  indicate  the  presence  of  two  (or,  less 
reasonably,  one)  strongly  coupled  >9F  nuclei  with  very  weak 
coupling  to  magnetic  isotopes  of  antimony  or  arsenic  and 
possible  further  l9F  nuclei.  Electron  loss  from  SbFs  is  from 


one  of  the  nonbonding  orbitals  on  fluorine,  and  a suitable 
distortion  could  well  tend  to  isolate  the  unpaired  electron  on 
just  two  of  the  ligands.  This  model  provides  a reasonable 
explanation  for  the  observed  data.  (3)  The  broad  similarity 
between  the  results  for  the  arsenic  and  antimony  salts  requires 
2 low  spin  density  on  the  central  atom,  in  accord  with  the 
model.  (4)  Lack  of  N Ft*  radicals  in  the  BFs~  salt  accord  with 
the  apparent  inability  to  form  BFe  radicals  from  such  salts.11 

Based  on  the  above  arguments,  we  favor  the  spectral  analysis 
indicated  in  Figure  1 rather  than  the  alternative  of  treating 
the  B features  as  a doublet,  on  the  basis  of  the  relatively  smell 
anisotropy.  For  a distorted  radical  with  the  unpaired  electron 
delocalized  between  two  adjacent  fluoride  ligands,  the  apparent 
anisotropy  deduced  from  the  powder  spectrum  must  be  greatly 
reduced  compared  with  the  real  anisotropy  or  that  to  be 
expected  from  spin  confined  to  just  one  ligand. 

The  superhyperfine  coupling  present  on  the  A//(I9F)  - ±1 
lines  must  then  arise  from  coupling  to  >21Sb  (/  * i/r,  57.25% 
abundance)  and  to  a lesser  extent  from  l2JSb  (/  ■>  1/r,  42.75 % 
abundance).  This  will  not  explain  all  the  resolved  features  in 
Figure  1 and  hence  extra  ,9F  coupling  or  interaction  with  the 
second  antimony  atom  of  Sb2Fn  must  also  be  present. 

It  is  interesting  to  compare  these  results  with  those  for  a 
species  formed  in  irradiated  sodium  hexafluoroantimonate, 
originally  thought  to  be  SbFv  or  SbFs2" 20  but  later  assigned 
to  an  impurity  species,  6SbFe  or  OSbFs  .21  This  center  had 
only  very  weak  coupling  to  l9F  (about  5 G)  and  a near-isotropic 
coupling  to  l2lSb  in  the  60-7CK;  region.  Our  present  results 
indicate  a coupling  to  l2lSb  of  30  or  60  G.  A reduction  of 
the  coupling  in  SbF6  or  Sb2fji,  when  compared  to  that  for 
OSbFs  , can  be  rationalized  by  elect. onegativity  argu- 
ments.21-22 

Although  we  have  been  unable  to  obtain  wcll-resolvcd  ESR 
spectra  for  radical  B,  we  conclude  that  this  center  is  probably 
SbFft  or  Sb2Fi  1,  with  the  unpaired  electron  largely  confined 
to  two  adjacent  fluoride  ligands.  Other  possible  assignments 
that  had  occurred  to  us  have  been  rejected  for  various  reasons. 
For  example,  the  assignment  to  F2_,  weakly  interacting  with 
neighboring  ions,  can  be  ruled  out  since  the  observed  hyperfine 
coupling  is  too  small. 

Summary 

y Irradiation  of  NF4+  salts  at  77"K  produces  the  novel 
pyramidal  cation  NF)+  in  addition  to  a second  less  stable 
species  which  is  tentatively  assigned  to  the  corresponding  anion 

■Ktron-loe  species,  SbFs,  SbtFi !,  and  AsF6,  respectively.  The 
experimental  observation  of  these  species  lends  further  cred- 
ibility to  the  reaction  mechanism  previously  suggested9  for  the 
fornu  don  and  thermal  decomposition  of  NF4+  salts.  In  this 
mechanism,  the  AsF6  radical  was  postulated  to  be  the  crucial 
intermediate  capable  of  supplying  the  energy  (ionization 
potential  of  NF)  minus  the  energy  released  by  the  formation 
of  the  ion  pair)  required  for  tbc  oxidation  of  NF)  according 
to 

A*F.  + NF,  -NIVA*.-,  (7) 


297 


life*  Inorganic  Chemistry.  Vol.  14.  No.  5.  1975 


Keith  E.  Peterman  sad  Jean'ne  M.  Shreevc 


AduowMpacst  The  group  from  Rocketdyne  is  grateful 
to  the  Office  of  Naval  Research,  Power  Branch,  for  financial 
supp*.'*  and  to  Drs.  L.  R.  Grant,  C.  J.  Sc  hack,  and  I.  B. 
Goldberg  for  helpful  discussions. 

Registry  N*.  NFe*SbF*  . 16871-76-4;  NF«*AsF»-.  16871-75-3; 
NFa+BFa  . 15640-93-4;  NFj+.  54384-83-7;  Sbf'a.  54384-84-8. 

Referawcs  and  Notes 

( 1 ) K O.  Cbriatc,  3.  P.  Guertin.  ud  A.  E.  PavUth.  U S.  Patent  3,503.719 
(1970). 

(2)  W.  C.  Price.  T.  R.  Puamorc,  and  D.  M.  Rocuicr.  Discuu.  Faraday  Soc.. 
35.201  (1963,'. 

(3)  J.  N.  Wiiasw,  rarer  prmcnfd  al  the  S>m^oiMtn  on  Advanced  PropeUarW 
Chaniatry.  149th  National  Meeting  of  the  American  Chemical  Society. 
Detroit.  Mich..  April  196$. 

(4)  K.  O.  Chriite.  J.  P.  Guertin, ud  A.  E.  PavUth.  luorg.  Nucl.  Chtm.  Lett. 
183  (1966) 

(5)  J.  P.  Guertin.  1. 0.  Chriite.  and  A.  E.  PavUth.  luorg.  Chan..  5. 1921 
(1966). 

(6)  W.  E.  Toiberj,  X.  T.  Rewick,  R.  S.  Striniham,  and  M.  E.  Hill,  luorg. 
Nucl.  Chtm  Lett..  1 79  (1066). 


(7)  W.  E.  Tolbert,  R.  T.  Rewick.  R.  S.  Striniham.  and  M.  E.  Hill,  laorg. 
Chtm , 6,  1 156  (1967) 

(8)  C.  T.  Gotechd,  V.  A.  Campanile.  R.  M.  CurtU,  K.  R.  Low.  C.  D. 
Wayne,,  and  J.  N.  Wilaon.  luorg.  Chtm..  tl.  1696  (1972). 

(9)  K.  O.  Chriite.  R.  D.  Wilitn,  and  A.  E.  Aaworthy.  luorg.  Chtm..  II 
2478  (1973). 

(10)  R.  W.  Feaacnden  and  R.  H.  Schuler.  J.  Chtm.  Phyt.,  43,  2704  (1965). 

(11)  J.  Manual,  J.  A.  R.  Coopc.  and  C.  A.  McDowell.  Mol.  Phyt..  U.  163 
(1970). 

(12)  J.  Manual,  C.  A.  McDowell.  H.  Nakajimr,  and  P.  Ra|htwalhan,  Mol. 

Phyt.,  14,  349  (1968). 

(13)  K.  O.  Chriatc  and  D Pilipovich.  luorg.  Chtm..  M.  2803  (1971). 

(14)  W.  E.  Tolbert,  private  communication. 

(15)  R.  W.  Feaacnden.  J.  Chcm.  Phyt.,  37.  747  (1962). 

(16)  3.  A.  R.  Coope,  Chtm.  Phyt.  Lett.,  3,  589  (1969). 

(17)  Calculated  from  the  daU  of  C Frame,  J Chtm  Phyt..  45,  1417  (1966). 

(18)  S.  P.  Miahra  and  M.  C.  R.  Symont,  unpubtiahed  rcaulu. 

(19)  R.  W.  Feaacnden  and  R.  H.  Schuler.  J.  Chtm.  Pkyi..4S,  1845  (1966). 

(20)  F G.  Herrins.  3.  H.  Hwans.  and  W.  C.  Lin.  J.  Phyt.  Chtm..  71. 2086 
(1967). 

(21)  M.  C.  R.  Symoaa,  J.  Chtm.  Soc.  A.  2393  (1971). 

(22)  S.  Subramanian,  M.  C.  R.  Symons,  and  H.  W.  Wardalc ,J.  Chtm.  Soc. 
A.  1239  (1970). 


(R*print*d  from  Inorganic  Chemistry,  14, 694  ( 1975. ) J 
Copyright  1975  by  the  American  Chemical  Society  and  reprinted  by  permiaaion  of  the  copyright  owner. 


f 

j 

i 

I 


i 


material  and  trapping  the  KrF:  at  78°. 

Preparation  of  BrfV  Salta  The  BrF»+ AsFt.  salt  was  prepared 
b>  the  method  of  Gillespie  and  Schrobilgcn2  using  a KrFj:AsFs  mole 
ratio  of  2:1  and  a large  excess  of  BrFc  Complete  material  balances 
were  obtained  for  the  experiments.  The  yields  of  BrFs+ AsFs  were 
found  to  range  from  5 3 to  7.0  mol  % based  on  KrF:  and  the  correct 
amounts  of  Kr  and  F2  were  evolved 

For  the  synthesis  of  the  SbFx  salt,  weighed  amounts  of  Brfj+- 
Sb:Fi  1 were  dissolved  in  BrF<,  and  KrF:  was  added  at  - 1%\  The 
mixture  was  kept  at  25*  until  no  further  gas  evolution  was  observed. 
Volatile  materials  were  removed  at  room  temperature.  The  Raman 
spectrum  of  the  solid  residue  was  identical  with  that  previously 
reported  - Since  in  a separate  experiment  we  had  demonstrated  that 
BrF4+Sb:Fn  can  be  removed  under  a dynamic  vacuum  at  50°.  this 
residue  was  warmed  to  50°  for  I week  under  a dynamic  vacuum. 
Starting  originally  with  I 02  mmol  of  BrFr+Sb2Fi  1 and  7.63  mmol 
of  KrF:.  23.2  mg  of  a white  solid  residue  was  obtained  which  according 
to  its  infrared  and  Raman  spectra  was  mainly  BrF*+SbFs  orSbF'  with 
x being  less  than  I . 


Results  and  Dbcussiou 
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The  syntheses  of  BrFs^AsF*  and  BrF<.+Sb:Fi  1 from  BrFy 
and  the  corresponding  KrF>{ Lewis  acid)  adducts  have  recently 
been  reported  by  Gillespie  and  Schrobilgcn.1-2  These  BrF<,+ 
salts  were  characterized  by  !,F  nmr  and  Raman  spectroscopy.1 
Since  complete  vibrational  spectra  and  modified  valence  force 
fields  are  known  for  CIFe*  3 and  IFs+,4  6 similar  information 
on  BrF<.+  was  desirable  to  obtain  more  quantitative  data  on 
the  bonding  in  these  unusual  high  oxidation  state  cations. 

Experimental  Section 

Apparatua  a mi  Materials  The  materials  used  in  this  work  were 
manipulated  in  a well-passivated  (with  CIFj  and  BrFs)  304  stainless 
steel  vacuum  line  equipped  with  Teflon  FEP  U traps  and  316  stainless 
steel  bcliows-scal  valves  (Hoke.  Inc..  4251  F4Y).  Pressures  were 
measured  with  a Heisc  Bourdon  tube  type  gauge  (0  1500  mm  ± 
0.1%).  Because  of  the  rapid  hydrolytic  interaction  with  moisture,  all 
materials  were  handled  outside  of  the  vacuum  system  in  ihc  dry 
nitrogen  atmosphere  of  a glove  box. 

The  infrared  spectra  were  recorded  on  a Perkin-Fimer  Model  457 
spectrophotometer.  The  spectra  of  solids  at  room  temperature  were 
obtained  by  pressing  two  small  single-crystal  platelets  of  either  AgCI 
or  AgBr  to  a disk  in  a Wilks  minipellet  press.  The  powdf  red  sample 
was  placed  between  the  platelets  before  starting  the  pressing  operation. 
The  low-temperature  spectra  were  recorded  at  1 96®  using  a cell  and 
transfer  technique  similar  to  one  previously  described.7  The  inner 
windows  of  the  cell  were  AgCI:  the  outer  ones,  Csl  disks  The 
instrument  was  calibrated  by  comparison  with  standard  calibration 
points.8 

The  Raman  spectra  were  recorded  on  a Cary  Model  83  spec- 
trophotometer using  the  4880-A  exciting  line  and  a Claassen  filter9 
for  the  elimination  of  plasma  lines.  For  low-temperature  work  a Miller 
Harney  device10  was  used.  Passivated  quartz,  Teflon  FEP,  or  Kel-F 
capillaries  were  used  as  sample  tubes  in  the  transverse-viewing, 
transverse-excitation  technique. 

Debye-Schcrrer  powder  patterns  were  taken  using  a GE  Model 
XKD-6  diffractometer  with  copper  Kt»  radiation  and  a nickel  filter. 
Samples  were  sealed  in  quartz  capillaries  (~0.5-mm  o.d.). 

The  purification  of  BrFs  and  AsFj  and  the  preparation  of 
BrFs-2SoFx  have  previously  been  described.1 1 Krypton  difluoride  was 
prepared  from  Kr  (Mathesoit,  99.995%)  and  F:  using  glow  discharge 
at  1 83*.  Our  method  was  similar  to  that12  of  Schreiner,  el  al.,  except 
for  the  elimination  of  the  gas  circulation  system.  The  KrF2  war 
collected  at  the  end  of  a run  in  a tarod  Teflon  FEP  U trap  maintained 
at  78*.  The  only  detectable  impurity  in  the  KrF2  was  a small  amount 
of  N2O?  which  could  'be  removed  by  treatment  of  the  crude  KrF:  with 
BE)  al  -78  and  -lO*.  which  converted  the  N20r  to  nonvolatile 
N02+BF«  ,13  Pure  KrF:  was  obtained  by  pumping  off  the  volatile 


Synthesis  and  Properties.  The  synthesis  data  arc  in  excellent 
agreement  with  the  reports2  of  Gillespie  and  Schrobilgen.  The 
following  observations  deserve  some  comment.  In  the  previous 
study2  no  material  balances  were  obtained.  In  our  study  the 
yield  of  BrFs+AsFs  was  found  to  be  about  6 mol  % based  on 
the  assumption  that  I mol  of  KrF:  could  produce  1 mol  of 
Brit.4  salt.  In  addition,  it  was  established  that  BrFs4- 
SblV.  ocSbF?  can  be  separated  from  BrF4+Sb2Fi  1 by  vacuum 
sublimation.  However,  the  resulting  product  was  not  of 
sufficient  quantity  and  purity  to  allow  further  characterization 
and  to  determine  whether  the  anion  was  mainly  Sbl;<,  or 
Sb:Fn  . When  samples  of  Brl  *9  salts  were  placed  in  pas- 
sivated quartz  capillaries  and  flame  scaled.  Raman  spec- 
troscopy showed  that  at  ambient  temperature  the  BrlV  salts 
attacked  the  quartz  with  formation  of  the  corresponding  O:9 
salts.  Similarly,  the  BrFb+  salts  interacted  at  ambient 
temperature  with  AgCI.  The  attack  of  AgCI  by  BrFt>+AsFr> 
was  much  faster  than  that  by  the  corresponding  SbFs  salt  and 
preempted  the  recording  of  BrF<,+ AsF*  infrared  spectra  at 
room  temperature.  In  Teflon  FEP  containers  the  BrFs+  salts 
were  stored  at  room  temperature  for  prolonged  periods  without 
noticeable  decomposition. 

X-Ray  Powder  Data.  The  observed  and  calculated  X-ray 
powder  diffraction  data  for  BrF6+AsFs  are  listed  in  Table 
I.  The  pattern  was  corrected  for  lines14  due  to  N02+AsF6 
1 (suiting  from  the  interaction13  between  AsFs  and  some  N2O5 
which  was  present  as  an  impurity  in  the  KrF2  starting  material. 
The  powder  pattern  of  BrFs+AsFa  very  closely  resembles 
that4-15  of  IFt+AsFt  indicating  that  the  two  compounds  are 
isomerphous.  By  analogy  with  IF6+AsF6\  it  was  indexed  in 
the  face-centered  cubic  system  with  a ■ 9.394  A.  As  expected, 
the  unit  cell  of  BrFt+ AsF*  is  slightly  smaller  than  that  of 
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Tablet.  X-Ray  Powder  Data  for  Brl 
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lFf,+AsF<>  49  A).4  '*  This  relatively  small  change  in  the 
unit  cell  dimensions  is  not  surprising  because  the  small  radii 
of  the  +VII  halogen  ions  allow  them  to  occuoy  interstices  in 
the  fluoride  packing.  Assuming  four  molecules  per  unit  cell 
and  neglecting  contributions  to  the  volume  from  the  highly 
charged  central  atoms,  a plausible  average  volume1'1-17  of  17.27 
A7  per  F and  a calculated  density  of  3.06X  g/cm’  arc  obtained. 

Weaker  lines  were  oDserved  having  mixed,  even  and  odd 
Miller  indices.  These  arc  not  expected  for  a simple  NaCI 
structure  but  can  readily  be  explained4 ''  by  scattering  from 
the  fluorine  atoms  grouped  around  the  Br  and  As  atoms  with 
these  central  atoms  occupying  the  positions  of  Na  and  Cl  in 
the  NaCI  lattice.  By  analogy  with  IFs+AsFh  the  space 
group  of  BrFi.+AsF6  is  Ha}. 

Vifcrstiottal  Spectra.  The  infrared  spectra  of  BrFs+AsFt. 
and  of  BrF64SbFs  •xSbFs  after  the  removal  of  BrFa+SbjFi  i 
are  shown  in  Figure  I . The  Raman  spectra  of  BrF<.+AsFh 
and  of  the  SbFj  adduct  before  the  removal  of  BrFa+Sb’Fi  i 
were  identical  with  those  previously  reported.2  The  Raman 
spectrum  of  the  SbFs  adduct  after  the  removal  of  BrF.i+- 
SbsFti  had  its  most  intense  band  at  660  cm  1 (vi  ofSbF6  ) 
with  two  pronounced  shoulders  on  its  high-frequency  side.  In 
addition  to  weak  bands  attributable  to  SbjFn  stretching 
modes  and  to  the  SbF  deformationa!  modes  in  the  300-220 
cm  1 frequency  ra>-#c,  the  BrFft+  deformation  vsIF:*)  was 
observed  at  406  cm1. 

In  addition  to  the  three  previously  reported2  Raman-active 
modes,  octahedral  BrFft+  is  expected  to  exhibit  two 
infrared-active  fundamentals.  These  arc  the  antisymmetric 
stretch,  v.i(Fin),  and  the  antisymmetric  deformation,  im(Fiu). 
By  comparison  with  the  known  frequencies  of  the  closely 
related  CIFa+.  I Fa4-,  SFa,  SeFs,  and  TcFa  species,  « and  »>4 
of  BrFt*  are  expected  to  occur  between  760  and  800  and 
between  400  and  450  cm  *,  respectively.  Inspection  of  Figure 
I reveals  that  in  both  the  AsF<  and  the  SbF'  adduct  bands 
were  observed  at  775  and  430  cm  '.  Furthermore,  these  bands 
disappeared  when  the  BrF(.4AsF<»  ir  sample  was  allowed  to 
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Figure  1.  Ini ured  spectra  of  BrF,*AsF„  recorded  as  a dry  powder 
between  AgCI  plates  at  - 196°  and  of  Brl;„*SbF,  vSbF,  recorded  a* 
a Ay  Hr  diik  at  25°.  The  increase  in  background  at  the  low-frequen- 
cy end  of  the  spectra  is  due  ;u  absorption  by  the  windows 

warm  to  ambient  temperature  or  when  the  ir  sample  of  the 
SbFs  adduct  was  kept  at  ambient  temperature  for  several 
hours.  The  remaining  bands  in  the  infrared  spectra  changed 
only  little,  thus  supporting  the  assignment  of  the  775-  and 
430-cm  1 bands  to  *\i  and  m.  respectively,  of  the  powerful 
oxidizing  species  BrF*+.  The  ready  interaction  between  BrFn* 
and  the  silver  halide  window  material  can  also  account  for  the 
weakening  of  the  intensity  of  the  BrFn*  infrared  bands  in  the 
room-temper. iturc  spectrum  of  the  SbFs  adduct. 

In  BrF6+AsFs  , the  430-cm  1 band  shows  a splitting  of  6 
cm  '.  Since  the  two  components  are  of  similar  intensity, 
splitting  due  to  the  79BrH1Br  isotopes  must  be  considered  The 
following  arguments  augur  against  the  splitting  being  caused 
by  the  bromine  isotopes  and  favor  its  attribution  to  crystal  field 
or  site  symmetry  effects,  (i)  The  SbFs  adduct  does  not  show 
»a  comparable  splitting,  (ii)  The  observed  splitting  of  6 cm  1 
is  much  larger  than  that  (~2  cm  <)  predicted  for  the  Br 
isotopes,  (hi i The  NO2*  deformation  in  the  same  spectrum 
shows  a comparable  splitting,  (iv)  The  site  symmetry  of  BrFs+ 
in  space  group  Pal  is  only  Oi- 

Force  Constants  Since  both  the  infrared-  and  the 
Raman-active  fundamentals  arc  now  known,  it  was  interesting 
to  compute  ,i  force  field  for  BrFt>+.  This  allows  a more 
quantitative  comparison  of  the  relative  bond  strength  of  BrFb* 
with  those  ol  related  species. 


Except  for  the  Fiu  block,  all  the  symmetry  force  constants 
of  BrFn*  are  unique.  The  Fiu  block  is  undetermined  since  only 
two  frequency  values  are  available  for  the  determination  of 
three  force  constants.  Consequently,  the  usefulness  of 
mathematical  consttaints.  such  as  minimizing  or  maximizing 
the  value  of  one  of  the  symmetry  force  constants,1*  was  tested 
for  the  isoelcctronic  series  SFa,  SeFs,  and  TcFa,  for  which 
general  valence  force  fields  have  been  reported. *9- 21  As  can 
be  seen  from  Table  II,  the  condition  Fu  « minimum  very 
closely  duplicates  the  GVFF  values  for  the  two  heavier 
molecules  SeF6  and  TcFa.  Therefore,  it  is  also  expected  to 
be  a very  good  approximation  for  the  force  field  of  BrF*+.  The 
values  so  obtained  for  Bi  Fa+  are  listed  in  Table  Ii  and  correlate 
well  with  the  remaining  species  of  Table  II.  The  modified 
valence  force  fields,  listed  Tor  the  lightest  isoelcctronic  series, 
i.e..  PFa  , SFs,  and  CIFt*.  are  less  reliable  since  the  lighter 
central  atoms  cause  stronger  coupling  of  the  stretching  and 
bending  modes. 

The  force  constant  of  greatest  interest  is  the  stretching  force 
constant  fr.  For  3rFs+  its  value  of  4.9  mdyn/A  is  the  highest 
found  to  date  for  any  BrF  bond.2’  25  This  is  not  surprising 
since  the  covalency  and  therefore  also  the  force  constant  of 
such  a bond  tend  to  increase  with  increasing  oxidation  state 
of  the  central  atom  and  a formal  positive  charge.2-  Since  the 
Br  F bonds  in  BrFs+  arc  stronger  than  those  in  other  bromine 
fluorides,  the  reactivity  of  these  salts  must  be  due  to  the  high 
oxidizing  power  of  BrFs+. 
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On  th»  Exist «nc*  o#  Several  Haw  0«N,F-Compoundc. 

A Critical  Comment  on  the  Paper  by  Sicrk  and  Schumachkk 

By  Kabl  O.  Chbistx 

Canoga  Park,  (Califomia/USA),  Rockwell  International  Corporation,  Rocketdyne  Division 

Abstract.  It  U ahown  that  the  infrared  apectra  previously  attributed  to  the  three  novel 
compounds  FONO,  NO,F„  and  an  unknown  are  due  to  the  known  compounds  HONO„  FONO,, 
and  oovalent  N,0„  respectively.  The  observed  chemical  and  physical  properties  agree  well  with 
this  reinterpretation. 

liber  die  Existenx  einiger  neuer  0,N,F-Verbindungen. 

Ein  kritischer  Kommentar  xur  Verbffentlichung  von  Srcxe  und  Schumacher 

Inhaltabberaioht.  Ea  wird  gexeigt,  dad  die  Infrarot-Spektren,  die  suvor  den  drei  neuen 
Verbinduugen  FONO,  NO,F,  und  einer  nichtidentifizierten  Substanz  zugeachrieben  warden,  roll- 
atkndig  den  bekannten  Verbindungen  HONOf,  FONO,  und  kovalentea  N,0,  zugeordnet  werden 
kfinnen.  Bit  beobachteten  chemischen  and  phyaikaliachen  Eigenaohaften  stimmen  mit  der  neuen 
Interpretation  dberein. 

In  the  course  of  a spectroscopic  study  of  halogen  nitrates  x),  it  became  obvious 
that  the  infrared  spectrum  reported  by  Sic&e  and  Schumacher*)  for  the  new 
compound  FONO  was  inconsistent  with  Buch  a structure.  In  addition,  these 
authors  have  given  data  for  two  more  new  N,  O,  F-compounds  and  suggested  for 
one  of  these  the  composition  NOjF,.  In  view  of  this  inconsistency,  we  have  cri- 
tically reviewed  the  given  experimental  data  and  succeeded  in  positively  identi- 
fying all  three  compounds  as  known  substances.  Sicre  and  Schumacher  hod 
chosen1}  the  designations  Xj,  Xt,  and  Xt  for  their  new  compounds  which  will  be 
retained  in  the  following  discussion  to  facilitate  comparison. 

Compoui 

This  compound  could  be  prepared  from  NO,  and  small  amounts  of  Fs  only  in 
an  aluminium  oylinder,  the  walls  of  which  were  coated  with  a thick  layer  of  alu- 
minium oxyfluoride  or  corrosion  products. 

Baaed  on  its  infrared  spectrum,  apparent  molecular  weight  of  64.5,  and  facile 
conversion  to  FNO|(  it  was  identified1)  as  the  FNOt  isomer  FONO.  However,  a 
closer  inspection  of  the  infrared  spectrum  attributed  to  FONO  indicated  a struc- 

’)  K.  O.  Cmm,  C.  J.  S chack  and  R.  D.  Wilson,  Inorg.  Chem.  18,  264  (1974). 

’)  J.  E.  Bice*  and  H.  J.  Schumacher,  Z.  anorg.  allg.  Chem.  885,  131  (1971). 

12  Z.  aiwrc.  kUf.  Ctomlc,  Bd.  41* 
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ture  containing  an  XNO,  group1).  Comparison  with  known  spectra  revealed  that 
the  infrared  band  shapes  and  frequencies  (in  cm-1)  and  relative  intensities  of 
X,  (1 713  vs,  1302  vs,  885  s)  are  in  excellent  agreement  with  those  reported*)  for 
HONO,  (1 712  vs,  1 311  vs,  average  of  895  and  879  braches  = 887  s).  Further 
support  for  its  identification  as  HONOa  can  be  derived  from  its  chemical  behavior. 
Thus  if  could  not  be  separated  by  fractionation  from  oomjKJund  X,  which  was 
identified  (see  below)  as  N,0,. 

The  following  facts  indicate  that  the  original  reaction  product  in  the  NO,+F, 
reaction  was  FNO,  wliioh  was  subsequently  converted  by  hydrolysis  into  HONO,. 
(I)  The  original  product  was  volatile  at  — 120  °C.  (II)  Sometimes  the  infrared 
spectra  showed  FNO,  which  was  attributed  to  an  isomerization  of  FONG  to  FNO,. 
However,  a plausible  explanation  for  this  behavior  can  be  offered.  For  example, 
lack  of  hydrolysis  of  FNO,  or  secondary  reactions  of  HONO,  with  passivated 
surfaces  or  strong  fluorinating  agents  such  as  compound  X,  (=FONO,)  could 
easily  generate  FNO,.  (Ill)  Clean  reactors  did  not  produce  any  Xv  Only  in  the 
presence  of  substantial  amounts  of  aluminium  corrosion  products  was  X,  formed. 
The  likelihood  of  such  corrosion  products  containing  hydroxyl-groups  supports 
our  interpretation  that  X,  is  formed  by  hydrolysis  of  FNO,  and  is  HONO,. 
(IV)  The  molecular  weight  determination  would  not  be  expected  to  effectively 
discriminate  between  FNO,  (65)  and  HONO,  (63).  However,  from  the  fact  that 
the  determination  was  carried  out  at  a pressure  of  700  mm,  it  can  be  concluded 
that  the  sample  used  at  this  point  was  still  mainly  FNO,.  The  vapor  pressure  of 
HONO,  at  ambient  temperature  is  considerably  lower  than  700  mm. 


Compound  X,. 

This  compound  is  formed  *)  when  NO,  is  reacted  with  an  excess  of  F,.  As  has 
previously  been  found4),  some  FONO,  is  readily  formed  under  these  conditions. 
Comparison  between  the  infrared  spectrum  of  X,  (1 761  vs,  1 294  vs,  927  m,  804  s) 
and  that*)4)  of  FONO,  (1 759  vs,  1 301  vs,  928  m,  804  s)  reveals  that  X,  in  indeed 
FONO,.  The  minor  frequency  discrepancy  for  the  1 300  cm-1  band  is  caused  by 
the  difficulty  in  estimating  the  true  band  center  for  X,  due  to  overlap  with  an 
intense  X,  band.  Again  the  observed  bond  contours  of  X,  are  identical  to  those 
of  FONO,  and  their  chemical  and  physical  properties  agree. 

When  X,  was  allowed  to  interact  with  an  exoess  of  NO,  the  following  reaction 
was  observed: 

X,  + excuse*  NO,  -+  X,  -f  X,. 


*)  G.  £.  McGbaw,  D,  L.  Bukitt  and  I.  C.  Huawwx,  J.  Cbem.  Phyaio*  42,  287  (1986). 

*)  D.  L.  Babbitt,  K.  H.  Mann  and  I.  C.  Hisatscws,  SpoctrocUim.  Acta  [Oxford]  MA, 
237  (1987). 

*)  A.  J.  Abvia,  L.  B.  F.  Ci.rrrBi.TA  and  H.  J.  Schusachxb,  Cbem.  Ber.  M,  1187  (1963). 

*)  R.  H.  Mnnxs,  D.  L.  Bxhiott  and  1.  C.  Hibatsvsk,  Speotrochim.  Acta  [Oxford]  ttA,  228 

(1967). 
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If  we  substitute  FONO,  for  X,  and  NaOs  for  X,  (see  below),  this  observed  reaction 
further  confirms  the  identities  of  X,  and  X8: 

FONO,  + 2 NO,  -*■  FNO,  + N,Of. 

The  formation  of  Xx  (=HONO,)  oan  be  explained  by  hydrolysis  of  - NO*  accor- 
ding to: 

FNO,  + H,0  -►  HONO,  + HF. 

Compound  X,. 

As  discussed  above,  X,  was  formed  by  interaction  of  X,  with  an  exoess  of 
NO,  and,  therefore,  was  suspected  to  be  N,0,.  Comparison  of  the  infrared  spec- 
trum of  X,  (1720  vs,  1240s)J)  with  that  of  covalent  gaseous  N,0,  (1726  vs, 
1 247  s) 7)  confirmed  our  suspicion.  The  minor  discrepancy  in  the  listed  frequency 
values  is  due  to  the  relati  ve  broadness  of  these  bands  making  estimation  of  the 
exact  band  oenters  difficult.  The  observed  low  volatility  of  X,  and  its  tendency 
to  associate  with  HONO,  agree  with  X,  being  N,0*. 

Conclusion.  Without  doubt,  compounds  X,  and  X,  of  Sicbx  and  Schct- 
maohiu  are  FONO,  and  N,0,,  respectively,  sinoe  their  Bpectra,  physical  and  che- 
mical properties  all  agree  with  those  of  the  latter  ones.  There  is  also  no  doubt 
that  the  infrared  spectrum  of  X,  which  was  the  only  direct  experimental  proof 
for  FONO,  is  due  to  HONO,.  Therefore,  the  existence  of  FONO  has  not  been 
established  sinoe  all  the  experimental  data  of  Sums  and  Schuuaoukk  might  be 
explained  by  assuming  FNO,  which  during  transfer  to  or  in  the  infrared  cell  hy- 
drolyzed to  HONO,. 

Recently,  matrix  isolation  data  Itave  been  presented  as  evidence  for  the 
existence  of  FON  and  FONO  at  cryogenic  temperatures*)*).  Although  the  infrared 
bands  attributed*)  to  matrix  isolated  FONO  are  quite  different  from  those  of 
Xx,  their  frequencies  are  difficult  to  reconcile  with  the  proposed  FONO  structure. 
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The  CF,0-  anion:  vibrational  spectrum  of  an  unusual  CF,  compound 
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Roofrstdyns  Division,  Rockwell  International  Canoga  Park,  California  91S04,  UiS-A. 


(IU oaten!  9 -4u?u*  1074) 


Abstraoi — The  i.r.  and  Raman  spectra  of  solid  CsOCF,  and  tba  Raman  spectra  of  liquid  and 
gaseous  NF,0  have  bean  recorded.  Tbe  vibrational  spectrum  of  CF,0~  closely  resembles  that  of 
iaoelentronio  NF,0.  For  CF,0“,  six  fundamentals  wans  observed  and  assigned  consistent  with  a 
pseudo-tetrahedral  structure  of  symmetry  C^.  It  is  shown  that  the  unusual  bonding  in  NF,0 
is  not  unique  but  also  occurs  in  CF,0“.  In  both  ieoelectronio  JtK,0  species,  the  XO  bond  possesses 
almost  double  bond  character  whereas  the  three  XF  bonds  are  highly  polar  implying  very  strong 
contributions  from  tasonanoe  structures  such  as 
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The  oocurreooe  of  this  type  of  bonding  oan  be  rationalised  by  the  high  electronegativity  of  fluorine 
and  by  the  importance  of  the  octet  rule  for  first  row  elements  limiting  the  sum  of  the  bond  orders  to 
* maximum  of  four. 


E.  OTBQDUOTIOX 

When  tbe  NFgO  molecule  was  discovered  [1-4]  the 
observod  ltigh  frequency  (1690  cm-1)  [5,  ft]  of  the 
NO  stretching  mode  was  very  surprising  since  it 
implied  a NO  bond  order  of  approximately  two. 
This  interpretation  was  confirmed  by  a subsequent 
electron  diffraction  study  showing  a short  NO 
(1.158  A)  and  long  NF  (1.431  A)  bonds  [7].  For 
the  . xnetioians  this  posed  an  interesting  problem 
sin  oo  it  raised  the  question  whether  the  strict 
validity  of  the  octet  rule  for  first  row  elements  also 
holds  for  NFsO  [8].  A systematic  study  [9]  of  the 
force  oonstante  and  bond  orders  of  a largo  number 
of  simple  inorganio  fluorides  showed  tliat  for  the 
first  row  elements  the  sum  of  the  bond  orders 
does  not  tend  to  exoeed  the  maximum  allowed  by 
tlie  octet  rule.  This  is  in  agreement  with  the  results 
from  reoent  Hartree-Fock  computations  [10]  giving 
a possible  origin  for  the  nonexpansion  of  the  octet 
among  first  row  elements.  However,  the  severe 
shortcomings  of  molecular  orbital,  underdo  tor - 
mined  foroe  field,  and  approximate  bond  order 
computations  must  be  kept  in  ruind  when  inter- 
preting such  data. 

It  appeared  interesting  to  determine  whether  the 
ooourrenoe  of  abnormally  strong  XO  bonds  coupled 
with  highly  polar  XF  b'  nda  is  limited  to  X being 
N (i.e.,  NFtO  and  the  litrosyl  halides),  or  if  it  also 
extends  to  other  first  i jw  elements.  Of  the  possible 
truly  iscelectrcnic  [il]  species,  only  two,  CF,0~ 


and  BFaO*~,  have  been  reported  to  exist.  How- 
ever,  the  original  reports  on  BFtO*~  salts  by  Ray 
and  Mxtba  [12]  were  subsequently  rofuud  by 
Cnanx  and  Lynton  [13]. 

The  existence  of  the  trifiuoromethoxides  of  Cs, 
Rb  and  K was  first  reported  [14]  by  Redwood  and 
Willis  in  1965.  Ionic  structures  containing  the 
CFaO~  anion  were  postulated  for  these  salts  bssed 
on  X-ray  powder  diffraction  patterns  [14].  These 
patterns  showed  the  trifiuoromethoxides  to  be 
isomorphous  with  the  corresponding  tetrafiuoro- 
boratos.  In  a subsequent  paper  [15],  the  same 
authors  reported  incomplete  i.r.  spectra  for  these 
trifiuoromethoxides.  However,  these  spectra 
showed  more  bands  then  expected  for  a simple 
CFjO~  anion  of  symmetry  Cw.  Furthermore,  Beau 
and  co-workers  found  [18]  that  the  fluorinated 
higher  alkoxides  of  Li  and  Na  eon  be  sublimed 
without  decomposition  and,  therefore,  must  possess 
considerable  oovalent  character.  These  conflicting 
data  added  further  interest  to  our  study. 

There  was  also  a question  concerning  the  assign- 
ment of  and  *t(E)  of  NF,0.  The  original 

assignment  [5,  0]  for  these  modes  has  recently  been 
questioned  [17,  IS].  Since  Raman  polarization 
data  should  readily  distinguish  between  these  two 
modes,  we  have  also  recorded  the  Roman  spectra 
of  liquid  and  gaseous  NFtO.  After  completion  of 
our  study,  the  Roman  spectrum  of  gaseous  NF,0 
has  been  published  [19].  It  is  in  exoelient 
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Agreement  with  our  measurements  and  rest  Hod  in  a 
reassignment  of  »,  and 

xl  xxpitKDaamL 
Material*  and  apparatus 

Cesium  trifluoromsthoxide  was  prepared  from  C#P 
and  COF,  in  dry  CH,CN  as  previously  des'-ribed  [14]. 
The  conversion  ofCsF  to  OsOCF,  was  70  mole%.  Nitro- 
gen triduorideoxide  (Allied  Chemioal)  was  purified  by 
fractional  condensation  and  showed  no  impurities 
deteo table  by  i.r.  speotrosoopy.  Volatile  materials 
used  in  this  work  ware  manipulated  in  a stainless  stoel- 
Tefloo  FEP  vacuum  line.  Solid  products  wore  handled 
in  the  dry  nitrogen  atmosphere  of  a glove  box. 

Vibrational  spsotra 

The  i.r.  spectra  of  the  solids  were  recorded  on 
a Perkin  Elmer  Modal  437  spectrophotometer  in  the 
range  4000-230  cm"1  as  dry  powders  presaod  botween 
thin  AgCl  windows.  The  pressing  operation  was  carried 
out  using  a Wilks  mini  psllot  press. 

The  Kaman  spectra  were  leccrded  on  a Cary  Model 
S3  spectrophotometer  using  the  48S0  A exrit  mg  line  of 
an  Ar-ion  laser  and  a Onaseon  filtar  [20]  for  the  elimina- 
tion of  plasma  lines.  For  the  solids,  glass  melting 
point  capillaries  were  used  as  saraplo  containers  in 
the  transverse-viewing-transverse-excitation  technique. 
The  spectrum  of  gaseous  NF,0  was  recorded  at  a 
pressure  of  15  atm  using  a stainless  steel  coll  with  three 
sapphire  windows  in  a double  pass  mode.  Liquid  NF,0 
was  contained  in  a 4 mm  o.d.  quartz  tube.  Tlie  spectra 
were  recorded  at  —120*  using  a device  similar  to  one 
previously  described  [21],  Polarization  measurement# 
ware  oarrisd  out  according  to  method  VIII  listed  by 
Onaasuir,  Sauo  and  Hazara  [20]. 

HL  BKSULU  UD  DHCU8U0X 
Obssrvsd  tpreir a 

Tlie  i.r.  i-nd  Raman  spectrum  of  solid  CsOCF, 
and  the  Raznan  spectrum  of  liquid  NF,0  are  shown 
in  Fig.  1.  The  observed  frequencies  are  listed  in 
Table  1.  The  Raman  spectrum  of  gaseous  NFtO 
was  identioal  to  that  reoently  reported  [10]  and, 
hence,  is  not  given.  In  addition  to  the  funda- 
mentals bated  in  Table  1,  two  overtones  were 
observed  in  the  Raman  spectra  of  NFjO.  Both  of 
them  are  polarised  and  ooour  in  the  vicinity  of  A . 
fundamentals  thus  allowing  an  increase  in  their 
intensity  by  Fermi  resonance-  One  of  the  bands 
is  due  to  2r(  and  ooour*  at  799  cm-1  in  the  Uquid 
and  at  796  cm-1  in  the  gas.  The  other  overtone  is 
ascribed  to  2»4  and  was  observed  at  1733  cm-1  in 
the  Uquid  and  at  1775  cm-1  in  the  gas.  The  rela- 
tively large  frequency  shift  of  2»4  between  the  gas 
and  the  Uquid  is  caused  by  the  corresponding  shift 
of  r4  which  in  the  Uquid  became  relatively  broad 
and  had  its  maximum  at  about  860  cm’1.  The 
remaining  fundamentals  of  NFjO  show  only  minor 


FREQUENCY 


Fig.  1.  Trace  (A)  i.r.  spectrum  of  solid  CsOCF,  u AgCl 
disk;  trace  (B)  Raman  spsotrum  of  solid  PsOCF,; 
trace  (C)  Raman  spectrum  of  liquid  NF,0  with  parallel 
(upper  ourve)  and  perpendicular  (lower  curve)  polariza- 
tion; the  inaerta  show  tho  weaker  bands  recorded  wi.h 
increased  gain  and  slit  width. 

frequency  shifts  when  going  from  tho  gas  phase  to 
the  Uquid  indicating  little  or  no  association  in  the 
liquid.  T.i"  fact  that  »s  ».nd  q of  NFjO  appear 
more  weakly  polarized  in  the  goa  tluui  in  the  Uquid 
is  due  to  the  sample  oell  used  for  tlie  gas.  This  type 
of  cell  allows  only  quaUtative  polarization  measure- 
ments owing  to  internal  reflection  from  the  metal 
surfaoes  and  owing  to  the  optical  aotivity  of  the 
sapphire  windows.  Sinoe  the  reassignment  of  », 
sad  of  NFjO  has  recently  been  dismissed  in 
detail  [19]  no  further  comment  is  required. 

For  OsOCFj,  no  Raman  polarization  measure- 
ments oould  bo  carried  out  owing  to  the  lack  of  a 
suitable  solvent.  It  hydrolyzes  in  water  [14]  and  is 
insoluble  in  CH,CN  [13],  In  the  i.r.  spectrum,  a 
medium  to  weak  absorption  at  1230  cm-1  and  s 
shoulder  st  1460  cm-1  varied  in  relative  intensity 
oompared  to  the  rest  of  the  spectrum.  These 
bands  are  due  to  CaHFt  and  represented  the  only 
detectable  impurity. 
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Tabic  1.  Vibrational  spoctrum  of  C«4CF,0“  compared  to  that  of  iaooiectroaic  NF,0 
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AstigxnmUi 

An  Xy9Z  species  of  symmetry  such  as 
possibly  CF,0~,  has  six  fundamentals  dausiSed  as 
3AX  H-  3 E.  All  ax  should  be  active  in  both  th* 
infrared  and  Raman  spectrum.  Impoction  of 
Fig.  1 and  Table  1 reveals  that  indeed  six  bands, 
active  in  both  the  i.r.  and  Raman  spectrum,  were 
observed  for  CeOCF,.  Their  frequencies  and  rela- 
tive i.r.  intensities  are  similar  to  those  of 
isoeleotronio  NFtO.  This  similarity,  together  witli 
the  fact  that  tits  CF,0”  salts  are  iaomorphous 
with  the  corresponding  BF,-  salts  [14],  strongly 
supports  tho  assumption  of  a pseudo-tetrahedral 
structure  of  symmetry  0„  for  the  CF,G"  anion. 
Ansignnoento  of  the  six  bands  to  the  individual 
modes  (me  Table  I)  were  made  by  analogy  with 
those  of  NT‘tO  and  are  supported  by  the  following 
arguments. 

Of  the  six  fundamentals,  three  are  stretching 
land  thne  are  deformation  vibrations.  The  thnss 
bonds  occurring  above  0Ov3  cm”1  mvJt  bo  the 
stretched  and  those  below  ttUO  cm”1  must  be  the 
deformations,  The  strong  i.r.  band  at  1500  «m~l 
baa  too  high  a frequency  and  is  too  £w  away  from 
the  other  two  frequencies  to  bo  a CF,  mode. 
Consequently,  it  must  be  tho  CO  stretch.  The  two 
remaining  bands  at  900  and  SI  2 cm-1,  respectively, 
show  about  the  right  frequency  separation  ex- 
pected for  an  antisymmetric  and  a symmetric  CF, 
stretching  vibration.  Baaed  on  th  i t relative  hand 
widths  and  Raman  intensities,  the  MO  cm-1  band 
must  be  the  antioyxnmetrio  and  the  612  cm-1 
band  the  symmetric  CF,  stretch. 

Of  the  three  deformation  modes,  the  on  thym- 
ine trio  CF,  deformation  should  have  the  lowest 


frequency  and  be  relatively  weak  in  tike  i.r.  and, 
therefore,  is  assigned  to  tho  422  cm-1  band.  The 
CF,  rocking  and  CF,  umbrella  deformation  modes 
were  assigned  to  the  575  and  the  596  cm”1  band, 
respectively,  bused  on  their  rotative  intensities 
and  by  analog}'  with  NF,0  for  which  these  assign* 
inert*  are  well  establislied  by  polarization  data. 

Conclusion 

In  spite  of  the  lock  of  reliablo  force  Holds  for 
NF,0  and  CF,C”,  sotno  qualitative  statements 
can  be  mado  about  tlio  nature  of  bonding  in  CF,0~ . 
Since  the  exact  bond  distances  in  NF,0  are  known 
from  electron -diffraction  data  [7],  it  is  well  estab- 
lished that  the  NO  bond  possesses  almost  double 
bond  dial  actor  and  that  the  NF  bonds  are  un- 
usually long.  This  implies  very  strong  contri- 
butions from  resonance  structures  such  as; 
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Inspection  of  Table  1 shows  that  the  frequencies 
of  CFtO~  sre  comparable  to  thoee  ol  NT’jO. 
Furthermore,  when  competed  to  conventional 
carbon  ox-yflucrides  containing  angle  bonded 
oxygen,  the  CO  stretching  frequency  hns  increased 
by  about  500  cm”1  and  the  CF,  stretching  fro- 
quondas  have  decreased  by  about  350  cm-1.  These 
enormous  frequency  shifts  suggest  that  the  bond- 
ing in  NF,0  is  not  unique,  but  also  extends  to 
isodcoironio  CF,0".  Thus,  one  must  invoke  also 
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for  CFtO  strong  contributions  from  resonance 
structures  such  as: 
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/ 

F 
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F- 


(>) 


in  addition  to  some  contribution  from: 

|6i" 

I 

C (ii) 

/ \ 

F F 

F 

The  predominance  of  (i)  con  be  rationalized  by 
the  high  electronegativity  of  fluorine  favoring 
higlrly  polar  bonds  and  by  tho  strict  validity  of 
the  octet  rule  for  first  row  elements  The  latter  is 
caused  by  the  high  enorgy  required  to  promote 
electrons  to  the  3s  level.  If  them  assumptions  r re 
valid,  an  increase  in  tiro  bond  ordor  of  tbe  XO 
bond  must  bo  accompanied  by  a simultaneous 
dectesso  in  tho  bond  order  of  the  X — F bonds, 
since  the  sum  of  the  bond  orders  cannot  surpass 
four.  For  higher  row  elements,  tire  next  higher 
unoccupied  electron  levels  lie  much  closer  and, 
therefore,  the  octet  can  readily  be  exceeded. 
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The  novel  oxonium  salts  OH3+SbF6  and  OHj+AsF6‘  were  isolated  as  ■ ell-defined  crystalline  solids  from  the  H20-HF-SbFs 
and  the  H2O-HF-ASF5  system,  respectively.  These  salts  are  the  most  stable  oxonium  salts  presently  known,  It  was  shown 
by  DSC  studies  that  OH3+SbF6'  and  OH3+AsF6~  decompose  at  about  357  and  193°,  respectively.  Their  ionic  nature  in 
both  the  solid  state  and  polar  solvents  was  established  by  vibrational  and  ,9F  and  'H  NMR  spectroscopy.  The  infrared 
spectra  of  these  adducts  closely  resemble  those  recently  attributed  to  H2F+  salts,  suggesting  that  the  latter  may  have  been 
incorrectly  identified.  Furthermore,  the  frequencies  of  the  OHi+  fundamentals  in  these  salts  arc  very  similar  to  those  of 
isoelcctronic  NH3,  but  significantly  different  from  those  previously  observed  for  OH3+  in  mineral  acid  monohydrates.  This 
indicates  that  in  the  MFs'  salts  the  hydrogen  bridges  are  considerably  weaker,  although  similar  phenomena  are  observed 
for  the  low-temperature  spectra  suggesting  rigidity  of  the  lattice  at  low  temperature.  The  assignments  for  OH3+  were 
examined  by  force  field  computations.  On  the  basis  of  its  X-ray  powder  diffraction  pattern,  OH3+AsF6~  is  cubic  with 
a = 8.015  A,  Z = 4.  From  the  H2O-HF-BF]  system  a solid  adduct  was  isolated  at  low  temperature  but  was  not  further 
characterized  owing  to  its  thermal  instability.  A new  method  for  drying  HF  based  on  oxonium  salts  is  proposed. 


Introduction 

During  a study  of  the  controlled  hydrolysis  of  BrF4+Sb2Fi  r 
in  HF,  a stable  white  solid  was  obtained  in  high  yields. 
Elemental  analysis  of  this  solid  showed  that  it  did  not  contain 
detectable  amounts  of  bromine.  Its  infrared  spectrum  closely 
resembled  that  recently  reported1  by  Couzi  et  ai.  for  H2F+. 
However,  attempts  to  prepare  a stable  product  from  HF  and 
SbFs  alone  failed.  This  agrees  with  a DTA  study2  of  the 
HF-SbFs  system  which  showed  no  evidence  for  any  high- 
melting  adduct.  Surprisingly,  the  addition  of  small  amounts 
of  water  to  HF-SbF<  mixtures  produced  the  same  stable  solid 
which,  as  shown  in  this  paper,  was  identified  as  OHj+SbF6~. 

A literature  search  did  not  reveal  any  reports  on  the  isolation 
of  OH3+MF(,  salts,  in  spite  of  many  papers  dealing  with  the 
relatively  unstable  mineral  acid  monohydrates  and  Commeyras 
and  Olah’s  proton  NMR  (singlet  at  5 10.25)  evidence3  for  the 
existence  of  the  oxonium  ion  in  SbFs-HOSChF  solution. 
Recently,  Bonnet  and  coworkers  studied4  solutions  of  SbFs 
in  H2O  and  HF  by  DTA  and  identified  the  crystalline  phases 
SbF5-2H20,  4SbFs-5H20,  SbFyHzO.  3SbFs-2H20,  and 
SbFs'HF"2H20.  Surprisingly,  no  evidence  for  OH3+SbFe_ 
was  reported,  although  the  infrared  spectra  attributed  to 
SbFs-H20  and  4SbFs-5H20  closely  resemble  those  obtained 
by  us  for  OH3+SbF6_. 

The  general  interest  in  oxonium  salts  and  superacid  sys- 
tems,5'6 in  which,  unless  rigorously  dried,  these  salts  are  bound 
to  be  formed,  prompted  us  to  study  these  simple  oxonium  salts 
in  more  detail.  Their  unexpected  high  thermal  stability  also 
induced  us  to  study  the  protonation  of  other  compounds,  such 
as  H2S,  HC1,  Xe,  HNF2,  NF3,  etc.  Details  on  novel  salts 
containing  the  SH2+  and  the  NH2F2+  cations  will  be  reported 
elsewhere.7 
Experimental  Section 

Materials  and  Apparatus  Volatile  materials  used  in  this  work  were 
manipulated  in  a well-passivated  (with  CIF3  and  HF)  Monel  Tef- 
lon-FEP  vacuum  system.  Nonvolatile  materials  were  handled  in  the 
dry  nitrogen  atmosphere  of  a glove  box.  Hydrogen  fluoride  (The 
Matheson  Co.)  was  first  electrolytkally  dried11  followed  by  treatment 
with  either  fluorine  or  SbFj.  In  the  latter  case,  the  HF  was  added 
to  a Teflon-FEP  ampoule  containing  SbFs.  Any  water  present  formed 
nonvolatile  OHj+SbFs'  and  the  anhydrous  HF  was  pumped  off  at 
-40°.  Antimony  pentafiuoride  and  AsFs  (Ozark  Mahoning  Co.)  and 
BF3  (The  Matheson  Co.)  were  purified  by  distillation  and  fractional 
condensation,  respectively,  prior  to  their  use. 

The  infrared  spectra  were  recorded  in  the  range  4000-250  cm  1 
on  a Petkin-Elmer  Model  457  infrared  spectrophotometer.  The  spectra 
of  gases  were  obtained  using  Monel  cells  of  5-cm  path  length  fitted 
with  AgCl  windows.  Spectra  of  dry  powders  at  room  temperature 
were  recorded  as  pressed  (Wilks  minipellet  press)  disks  between  AgCl 
windows.  Low-temperature  spectra  were  obtained  as  dry  powders 


between  Csl  plates  using  a technique  similar  to  one  previously  re- 
ported.9 

The  Raman  spectra  were  recorded  on  a Cary  Model  83  spec- 
trophotometer using  the  4880-A  exciting  line  and  a Claasscn  filter10 
for  the  elimination  of  plasma  lines.  Sealed  quartz  or  Teflon-FEP 
tubes  were  used  as  sample  containers  in  the  transverse-viewing, 
transverse-excitation  technique.  The  low-temperature  spectra  were 
recorded  using  a previously  described11  device.  Polarization  mea- 
surements were  carried  out  according  to  method  VI 1 1 listed  by 
Claasscn  et  al.10 

Debye-Scherrer  powder  patterns  were  taken  using  a GE  Model 
XRD-6  diffractometer.  Samples  were  sealed  in  quartz  capillaries 
(~0.S-mm  o.d.). 

The  l9F  and  'H  NMR  spectra  were  recorded  at  56.4  and  60  MHz, 
respectively,  on  a Varian  Model  DA60  spectrometer  equipped  with 
a variable-temperature  probe.  Chemical  shifts  were  determined  by 
the  side-band  technique  relative  to  external  CFCI3  and  TMS,  re- 
spectively. 

A Perkin-Elmer  differential  scanning  calorimeter.  Model  DSC-1 B, 
was  used  for  the  determination  of  the  thermal  stability  of  the 
compounds.  The  samples  were  scaled  in  aluminum  pans,  and  heating 
rates  of  2.5  and  10°/min  in  N2  were  used. 

The  H2O  content  in  the  OH3+  salts  was  determined  by  dissolving 
a known  amount  of  sample  in  pyridine  and  titrating  the  evolved  H2O 
with  Karl  Fischer  reagent  using  a Labindustrics  Aquametry  apparatus. 
Antimony  and  arsenic  were  determined  by  X-ray  fluorescence 
spectroscopy  of  basic  aqueous  solutions. 

Preparation  of  OH3+SbF6  . In  a typical  experiment,  SbFs  (8.305 
mmol)  was  placed  in  a Teflon-FEP  ampoule  and  8 ml  of  liquid 
anhydrous  HF  was  added  at  -196°.  The  mixture  was  warmed  to  25° 
to  give  a homogenous  solution.  Distilled  water  (8.30  mmol)  was  added 
to  the  ampoule  at  -196°  and  the  mixture  was  warmed  to  25®. 
Removal  of  all  volatile  material  in  vacuo  at  25°  resulted  in  2.116  g 
of  a white  solid  residue  (weight  ealed  for  8.30  mmol  of  OH3+SbF6~ 
2.1 15  g).  Anal.  Caicd  for  OH3SbF6:  H2O,  7.07;  Sb,  47.8.  Found: 
H2O,  6.93;  Sb,  48.0. 

Preparation  of  OH3+AsF6~.  In  a typical  experiment,  H2O  (5.421 
mmol)  and  anhydrous  HF  (8  ml  of  liquid)  were  combined  at  -196° 
in  a Teflon-FEP  ampoule,  followed  by  warm-up  to  25°.  Arsenic 
pentafiuoride  (5.427  mmol)  was  added  to  this  mixture  at  -196®  and 
the  contents  of  the  ampoule  were  allowed  to  warm  slowly  to  room 
temperature.  Removal  of  volatile  material  at  25®  in  vacuo  resulted 
in  1 .1 28  g of  a white  solid  residue  (weight  caicd  for  5.421  mmol  of 
OHj+AsFs-  1.127  g).  Anal.  Caicd  for  OHsAsFs:  H20,8.66;As, 
36.0.  Found;  H2O,  8.26;  As,  35.7. 

The  H2O-HF-BF3  System.  To  a mixture  of  H2O  (3.66  mmol) 
and  anhydrous  HF  (10  ml  of  liquid),  prepared  as  described  above, 
BF 3 (7.4  mmol)  was  added  at  -196®.  This  mixture  was  kept  at  -78® 
for  10  min  and  then  slowly  warmed  until  a clear  solution  resulted. 
Removal  of  volatile  material  at  -70®  in  vacuo  produced  a white  solid 
residue  melting  at  around  0®  to  a colorless  liquid  having  a dissociation 
pressure  of  about  4 mm  at  22®.  The  weight  of  the  adduct,  after  being 
pumped  on  at  0®  for  several  minutes,  was  376  mg  (caicd  for  3.66  mmol 
OH3BF4  387  mg). 
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Results  and  Discussion 

Syntheses.  Addition  of  water  to  mixtures  of  HF  with  the 
strong  Lewis  acids  SbFs  and  AsFs  produces  stable  1:1:1 
adducts  in  quantitative  yield  according  to 

HK 

HF  + H,0  + MF,  — . H,0*MF,' 

Thc  formation  of  these  adducts  is  not  surprising  in  view  of  the 
previous  evidence11-14  showing  that  in  HF  solution  the  fol- 
lowing equilibrium  exists 

SbF,  + 2HFt±H3F'SbF,' 

and  that  the  stronger  base  H2O  can  displace3-15  H2F+  with 
formation  of  the  OHi+  cation 

HjF*  + SbF, ‘ f H30-0H,*  + SbF,'  + HF 

However,  in  view  of  the  several  hundred  recent  publications 
dealing  with  supcracid  chemistry,  the  well-known  difficulties 
in  obtaining  completely  anhydrous  systems,  and  the  general 
interest  in  oxonium  salts,  we  were  extremely  surprised  to  find 
that  these  stable  adducts  had  not  previously  been  isolated. 

It  appears  that  the  Iow-tempcrature  infrared  spectra  of  these 
adducts  have  been  observed1  previously  by  Couzi  and  co- 
workers in  the  course  of  their  study  of  the  binary  HF-Lewis 
acid  systems  but  were  mistaken  for  H2F+  salts.  Although  not 
impossible,  it  is  highly  unlikely  that  OH3+  and  H2F+  would 
show  such  similar  vibrational  spectra.  Furthermore,  com- 
parison of  the  observed  frequencies  and  computed  force 
constants  of  *‘H2F+”  with  those  of  isoelectronic  H2O  show  poor 
agreement  (HjO./r  = 8.45,  fa  = 0.76;  “HzF4-”./,  - 5.71,  f„ 
= 1.36  mdyn/A).1 

The  failure  of  Bonnet  et  al.  to  isolate  OHj+SbF6  from  the 
SbF5-H2<>-H  F system4  may  be  explained  by  their  unfortunate 
choice  of  reaction  conditions.  They  combined  H2O  with  SbFs 
in  the  absence  of  a solvent.  This  can  result  in  partial  hydrolysis 
of  SbFs  with  HF  formation,  thus  making  it  very  difficult  to 
obtain  well-defined  products. 

We  have  established  the  1:1:1  composition  of  the  HF- 
H20-SbFs  and  the  HF-H20-AsFs  adducts  by  the  observed 
material  balances,  elemental  analyses,  and  vibrational  and 
NMR  spectroscopy.  With  the  weaker  Lewis  acid  BFj,  an 
unstable  1:1:1  adduct  is  formed  at  lower  temperature.  It  melts 
at  about  0°  to  a colorless  liquid  having  a dissociation  pressure 
of  about  4 mm  at  22°. 

The  quantitative  formation  of  a stable  nonvolatile  OH3+ 
salt  is  an  effect.vc  way  to  remove  small  amounts  of  water  from 
HF  by  treating  it  with  a strong  Lewis  acid.  Bismuth  pen- 
tafluoride,  although  not  used  in  this  study,  should  be  the  most 
convenient  drying  reagent,  since  it  is  nonvolatile  at  room 
temperature.  Thus,  its  use  would  permit  the  removal  of  the 
dry  HF  from  OH3+BiF<r  and  the  excess  of  BiFs  at  ambient 
temperature.  This  method  appears  more  convenient  than 
previously  reported  methods,  such  as  pyrolysis  of  dried 
NaHF2,16  electrolytic  drying,8  or  fluorine  treatment.17 
Furthermore,  the  stable  solid  OH3+MF6-  salts  could  find 
applications  in  systems  requiring  catalytic  amounts  of  strong 
acids.  Owing  to  their  physical  properties  (see  below),  these 
solids  should  be  easier  to  store,  ship,  and  handle  then  highly 
corrosive  liquids. 

Properties.  The  OHs+SbFe- and  OH3+AsF6- salts  are  white 
crystalline  solids.  They  are  highly  soluble  in  HF  and  mod- 
eravoly  soluble  in  polar  solvents,  such  as  CH3SO2CH3.  With 
stronger  bases  such  as  pyridine  or  acetonitrile,  water  is  evolved 
and  the  nitrogen  atom  is  protonated.  The  quantitative  dis- 
placement of  OH3+  by  pyridine  was  successfully  used  for  the 
determination  of  the  H2O  content  with  Kari  Fischer  reagent. 
Evidence  for  the  proionation  of  acetonitrile  was  obtained  by 
proton  NMR  spectroscopy  (see  below).  The  oxonium  ion  is 
surprisingly  inactive  as  a hydrolyzing  agent.  In  addition  to 
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Table  1.  X-Ray  Powder  Data  for  OH,*AsF, ' s 
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0 Cubic, a = 8.015  A,  V = 514.9  A*,  Z = 4,  p„. M = 2.890  g 
cm'1, Cu  Ka  radiation,  and  Ni  Filter. 

its  compatibility  with  the  SbFf  and  AsF6-  ions  in  HF  solution, 
it  does  not  cause  BrFs,  BrFx+  salts,7  and  NF4+  salts18  to 
hydrolyze  to  a significant  extent. 

The  thermal  stability  of  OH3+SbFs  and  OH3+AsFt-  was 
determined  by  DSC.  The  SbF6~  salt  exhibited  reversible 
endotherms  at  89  and  209°  (probably  phase  changes),  followed 
by  some  small  irreproducible  endotherms  from  about  230  to 
357°  and  a large  irreversible  endotherm  at  357°.  The  oc- 
currence of  complete  decomposition  at  357°  was  also  confirmed 
by  'he  observation  of  white  fumes  escaping  from  the  sample 
cup  at  this  t'  ( erature.  Heating  the  salt  to  1 50°  under  a static 
vacuum  resu. . -d  in  the  buildup  of  only  a little  pressure  over 
a period  of  several  hours.  The  OH3+AsF6~  salt  exhibited  no 
endo-  or  exotherms  prior  to  the  onset  of  its  strongly  endo- 
thermic decomposition  at  193°  indicating  the.absence  of  any 
phase  change  between  25  and  193®. 

The  thermal  stability  of  OH3+SbF6  and  OH3+AsF6"  is 
unusually  high,  when  compared  to  the  previously  reported 
OH3+  salts.  Most  of  these  salts  are  stable  only  at  low 
temperature,  and  the  more  stable  0H3+CFjS03  , OHj+CKV, 
and  OHj+CH3C6H4SC>3“  melt  at  35,  50,  and  105°,  respec- 
tively.19-21 

X-Ray  Powder  Diffraction  Data.  The  powder  diffraction 
patterns  of  OH3+AsF6-  and  OH3+SbF6“  are  listed  in  Tables 
I and  II,  respectively.  The  OH3+AsF6~  salt  is  cubic  with  a 
= 8.01 5 A and  Z * 4.  As  previously  pointed  out,22  it  is  very 
difficult  to  distinguish  from  the  powder  pattern  alone  for  this 
type  of  compound  whether  it  has  the  face-centered  cubic 
NaSbFs  or  the  primitive  cubic  CsPF6  structure.  The  intensities 
observed  for  OH3+AsF6~  seem  to  agree  somewhat  better  with 
the  primitive  cubic  CsPFs  type.  Since  the  size  of  the  OHj+ 
cation23  is  roughly  comparable  to  that  of  K+,  Ag+,  or  NH4+, 
it  is  not  surprising  that  OH3+AsF6"  should  be  isotypic  with 
Ag+AsFs-  (a  ~ 7.74  A)  and  NH^PFs-  (a  - 7.90  A). 

The  OH3+SbF6-  pattern  was  indexed  for  a tetragonal  cell 
with  0 m 1 1 .48  A,  c ■ 8.78  A,  and  Z ■ 8.  By  comparison 
with  the  known22-24  structures  of  similar  MXF6  compounds, 
it  might  be  considered  as  a tetragonally  distorted  cubic  KSbF6 
structure.  Tetragonal  unit  cells  with  Z m 8 have  previously 
been  reported25  for  KReFs,  KWF6,  and  KMoFt,  although  their 
deviation  from  a cubic  cell  is  much  smaller.  This  might  be 
explained  by  the  fact  that  OH3+  is  not  spherical.23  In  addition 
to  the  cubic  phase  (Z  * 8),  a high-temperature  tetragonal 
phase  (Z  « 2)  has  been  reported22-24  for  AgSbF6  and  KSbF6 
containing  one-fourth  of  the  cubic  superlattice. 

In  summary,  the  structures  observed  for  the  OH}4 MF6-  salts 
agree  well  with  those  reported2224  for  related  MF«  salts.  This 
comparison  also  suggests  the  possibility  of  different  phases  as 
was  indicated  for  OH3+SbFt  by  the  DSC  data  (see  above). 
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Table  11.  X-Ray  Powder  Data  for  OH, 

*SbF;, 

- a 

^obsd»  A 

^c*Icd»  ^ Intens 

h 

k 

1 

8.75 

8.77 

m 

0 

0 

1 

4.78 

4.80 

m 

2 

0 

1 

4.38 

4.39 

s 

0 

0 

2 

3.47 

3.49 

m 

2 

0 

2 

3.32 

3.34 

vs 

2 

1 

2 

2.868 

2.869 

mw 

4 

0 

0 

2.785 

2.784 

m 

4 

1 

0 

2.241 

2.251 

m 

5 

1 

0 

2.199 

2.19a 

s 

0 

0 

4 

2.053 

2.049 

mw 

4 

2 

0 

0 

3 

4 

2.021 

2.017 

m 

2 

1 

4 

1.901 

1.903 

mw 

3 

0 

4 

1.877 

1.877 

m 

3 

1 

4 

1.779 

1.777 

mw 

6 

2 

1 

1.760 

1.756 

m 

5 

4 

1 

1.680 

1.679 

mw 

6 

3 

1 

1.663 

m 

1.595 

mw 

1.578 

m 

1.515 

vw 

1.505 

w 

1.401 

mw 

1.392 

m 

1.347 

mw 

1.341 

m 

1.258 

mw 

1.220 

m 

1.187 

mw 

1.155 

mw 

1.100 

mw 

1.075 

mw 

1.052 

mw 

1.030 

mw 

1.010 

m 

0.990 

m 

0.972 

w 

0.963 

vw 

0.937 

m 

0.922 

m 

0.9072 

mw 

0.8925 

m 

0.8793 

m 

0.8663 

m 

0.8538 

m 

0.8365 

vw 

0.8306 

m 

0.8251 

w 

0.8195 

m 

0.8144 

w 

0.8091 

w 

0.8037 

w 

0.7988 

m 

0.7890 

m 

0.7880 

w 

0.7794 

m 

0.7786 

w 

a Tetragonal,  a 

= 11.48  A,  c 

= 8.78  A,  V = 

1157.1  A’, 

,Z  = 8, 

Pctic.d  - 2.93  g cm'*,  Cu  Ka  radiation,  and  Ni  filter. 

Contrary  to  OHj+SbFV,  cubic  0H3+AsF<>  did  not  exhibit 
a phase  change  between  room  temperature  and  its  decom- 
position point.  This  is  not  surprising  since  GHj+AsF6~  appears 
to  be  isotypic  with  KPF6  which  has  a rhombohedral  low- 
temperature  and  a cubic  high-temperature  phase.26 

Nuclear  Magnetic  Resonance  Speetra.  The  NMR  spectra 
of  OH3+SbF6  and  OH3+AsF6  were  recorded  in  CD3SO  CD3, 
CHjCN,  and  CD3CN  solutions.  The  19F  NMR  spectra  of 
OHt+AsFs  in  CD3SO2CD3  and  CH  iCN  solution  showed  a 
quartet  of  equal  intensity  at  <t>  60.9  and  65.4  with  Ja* i * 91 5 
and  930  Hz,  respectively,  in  good  agreement  with  the  values 
previously  reported,27  for  octahedral  AsFt.  . Similarly,  the 
OHj+SbFs  samples  showed  a sextet  (J'»sbF  ■ 1946  Hz)  and 
octet  (J'>»sbF  * 1053  Hz)  of  equal  intensities  at  4>  17,0.1, 
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characteristic27'28  of  octahedral  SbF6~.  In  agreement  with  the 
vibrational  spectra  (see  below),  no  evidence  was  found  for  the 
presence  of  MFj>OH229  or  MFs-NCCHj30'31  molecular  ad- 
ducts in  these  systems. 

The  proton  NMR  spectra  of  OH3+SbF6'  and  OH3+AsF6‘ 
in  CD3SO2CD3  solution  showed  only  a singlet  at  5 -9.49  and 
-10.58,  respectively.  These  values  agree  well  with  that  of  6 
-10.2  previously  attributed3  to  OH3+  in  superacid  solutions. 
In  CH3CN  or  CD3CN  solutions,  however,  the  spectra  were 
more  complex.  The  strongest  resonances  for  the  SbF6"  and 
AsFb  salts  were  observed  at  5 -10.92  and  -1 1.34,  respectively, 
in  addition,  a very  broad  resonance  at  6 -8.8  and  a triplet  of 
equal  intensity  (7nh  = 53.5  Hz)  at  6 -6.3  were  observed.  The 
latter  is  characteristic  for  NH4+.32  The  observation  of  NH4+ 
together  with  the  fact  that  the  proton  resonance  in  CH3CN 
solutions  is  significantly  shifted  to  lower  field,  when  compared 
to  CD3SO2CD3  solutions,  indicate  that  this  resonance  is  due 
to  a =NH+  type  species  and  not  to  OH3+.  The  CH3  reso- 
nance consisted  of  a single  peak  at  5 -2.21  indicating  rapid 
exchange  between  CH3CN  and  its  protonated  form.  The  ready 
protonation  of  CH3CN  in  HSCbF-SbFs-SCh  solution  has 
previously  been  established.33  The  difference  between  the 
reported  spectrum33  and  our  spectrum  can  be  explained  by 
the  fact  that  in  one  case  small  amounts  of  CH3CN  were 
dissolved  in  large  amounts  of  acid,  whereas  in  our  case  small 
amounts  of  OH3+SbFs  were  added  to  large  amounts  of 
CH3CN.  Since  the  NMR  spectrum  of  OH3+  in  superacids 
has  previously  been  reported3  and  agrees  with  our  data  for  the 
CD3SO2CD3  solution,  we  have  not  studied  superacid  or  HF 
solutions. 

Vibrational  Spectra.  Figures  1 and  2 show  the  vibrational 
spectra  of  OH3+SbF6~  and  OH3+AsF6",  respectively.  The 
observed  frequencies  are  listed  in  Table  III.  Whereas  no 
difficulty  was  encountered  in  obtaining  reproducible  infrared 
spectra  of  OHj+SbF6  as  a dry  powder  between  AgCl  disks 
at  room  temperature,  for  OH3+AsF6"  low-temperature 
conditions  were  required.  At  room  temperature,  the  band 
centered  at  about  900  cm  1 would  rapidly  become  broad  and 
shift  to  higher  frequency  (~  1020  cm1)'  Similarly,  the  broad 
band  centered  at  about  3200  enr 1 became  less  symmetric  with 
its  maximum  being  shifted  to  ~3500  cm'1,  and  the  1630-cin1 
band  was  shifted  to  about  1680  cm-1.  In  the  Raman  spectra, 
except  for  that  of  OH3+SbFs'  in  HF  solution,  the  bands  due 
to  OH3+  were  not  observed  owing  to  their  very  low  intensity 
and  broadness. 

The  anion  bands,  both  in  HF  and  CD3SO2CD3  solution, 
were  in  excellent  agreement  with  those  previously  observed 
for  octahedral  AsF6~  34-36  and  SbF6.35~37  In  the  room- 
temperature  spectra  of  the  solids,  v2(Eg)  showed  a splitting 
into  two  banos  which  is  not  uncommon  for  octahedral  MF6' 
ions  in  solids. 35'37_4°  For  OH3+SbF6",  the  intensities  of  the 
infrared  bands  at  about  490  and  570  cm'1  varied  from  sample 
to  sample  (see  traces  A and  B of  Figure  1).  Although  one 
might  be  tempted  to  attribute  the  490-cm  1 band  to  the 
presence  of  some  Sb2Fn  polyanion35-41'43  or  to  an  OHt+ 
iibration  mode  (see  below),  we  prefer  to  assign  it  to  SbFs"  for 
the  following  reasons.  The  OH3+AsF6~  spectra  show  similar 
bands  and  AsFtr  is  unlikely  to  form  stable  polyanions,44  the 
observed  material  balances  and  elemental  analyses  gave  no 
indication  of  polyanion  formation,  and  an  OH;>+  Iibration 
should  be  of  very  low  Raman  intensity.  Whereas  in  the 
room-temperature  spectra  of  the  solids,  w(Fiu)  and  ci(Aig) 
appear  as  single  bands,  these  bands  become  doublets  in  the 
low-temperature  spectra.  Furthermore,  four  relatively  sharp 
bands  were  observed  in  the  low-temperature  infrared  spectrum 
of  OH3+AsFs~  (trace  B,  Figure  2)  in  the  region  of  v2(Eg)  of 
AsFs'. 

The  most  plausible  explanation  for  these  additional  low- 
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Figure  1.  Vibrational  spectra  of  OH,*SbF4  traces  A and  B, 
infrared  spectra  of  two  different  samples  as  dry  powder  between 
AgCl  disks;  traces  C and  D,  Raman  spectra  of  the  solid  contained 
in  a quartz  tube  at  + 25  and  -120°,  respectively ; trace  E,  Raman 
spectrum  of  a CD,SO,CD,  solution  (the  broken  lines  indicate 
regions  obscured  by  solvent  bands);  traces  F and  G,  Raman  spectra 
of  an  HF  solution  contained  in  a Teflon-FEP  tube  at  two  dif- 
ferent recorder  voltages.  P and  dp  indicate  polarized  and  de- 
polarized bands,  respectively,  and  S indicates  the  spectral  slit 
width. 


Figure  X Vibrational  spectra  of  OH,*AsF,  *:  trace  A,  infrared 
spectrum  of  the  solid  as  a dry  powder  between  AgCl  disks  at  25° ; 
trace  B,  infrared  spectrum  of  the  solid  as  a dry  powder  between 
Csl  disks  at  - 196° ; traces  C and  E,  Raman  spectra  of  the  solid 
in  a quartz  tube  recorded  at  + 25  and  - 1 20“ , respectively ; trace 
D,  Raman  spectrum  of  a CD, SO, CD,  solution.  S indicates  the 
spectral  slit  width. 

temperature  splittings  is  the  assumption  that  at  low  tem- 
perature OHj+  and  the  lattice  become  rigid.  This  should  result 
in  site  symmetry  splittings-*6  and  in  a large  distortion  of  the 


MF/-  octahedrons  owing  to  cation-anion  interaction  (H— F 
bridging),  particularly,  since  the  MFs'  ions  are  in  a field  of 
forces  of  nonoctahedral  symmetry.  Similar  effects  were 
observed  for  OFb+ClOa  by  broad-line  proton  NMR45-44  and 
vibrational  spectroscopy.47  However,  some  of  the  bands 
observed  in  the  region  of  the  MF6  fundamentals  could  be  of 
different  origin,  as  was  shown47  by  Savoie  and  Giguere  for 
OHy+NOr,  0H3+C104 , and  OHj+HSCU  . They  established 
that  libration  and  translation  modes  of  polar  C*H’+  arc  of 
relatively  high  frequency  and  infrared  intensity.  Since  the 
OH3+  modes  are  only  of  very  low  intensity  in  the  Raman 
spectrum,  the  observed  Raman  bands  are  very  likely  due  to 
the  anion.  However,  some  of  the  infrared  bands,  which  have 
no  Raman  counterpart,  could  be  due  to  OHj+  libration  or 
translation  modes.  Spectra  of  the  deuterated  species  would 
be  helpful  to  distinguish  between  these  possibilities.  In  addition, 
extensive  low-temperature  vibrational  and  wide-line  NMR 
spectroscopic  studies  combined  with  X-ray  and  DTA  data  arc 
desirable  to  correlate  all  the  observed  phenomena.  However, 
this  was  beyond  the  scope  of  the  present  study. 

Assignments  for  the  fundamentals  of  the  OHj  f cation  were 
made  by  comparison  with  isoelectronic  NH3  (see  Table  III). 
Pyramidal  XY3  of  symmetry  C3».  has  four  fundamentals  which 
are  classified  as  2 Ai  + 2 E,  all  being  active  in  both  the  infrared 
and  Raman  spectra.  Of  these,  each  symmetry  species  contains 
one  stretching  and  one  bending  mode.  The  frequencies  of  the 
two  bending  modes  are  sufficiently  separated  and  present  no 
assignment  problem.  Of  the  two  stretching  modes,  the 
symmetric  stretch  vi(Ai)  is  obviously  represented  by  the 
polarized  Raman  band  at  3300  cm-1  observed  for  OH3+SbF6‘ 
in  HF  solution.  This  Raman  band  has  an  intense  counterpart 
in  the  infrared  spectrum  of  the  solid.  Assuming  that  no 
significant  frequency  shift  occurred  for  vi  on  going  from  the 
solution  spectrum  to  that  of  the  solid,  the  second  intense 
infrared  band  in  this  region  ( ^ — 31 50  cm-1)  should  be  due  to 
the  antisymmetric  stretch  v3(E).  These  assignments  are 
supported  by  the  low-temperature  infrared  spectrum  of 
OH3+AsF6"  which  shows  a strong  band  at  about  3080  cm-1 
with  a strong  shoulder  at  about  3250  cm-1  in  agreement  with 
the  higher  ir  intensity  expected48  for  vs  in  an  ideal,  rather 
oblique  XY3  pyramid.  The  agreement  between  the  frequencies 
of  isoelectronic  NH3  and  OH3+  is  excellent.  The  only  dif- 
ference in  their  assignments  results  from  a reversal  of  vi  and 
vs  for  GH3+.  Whereas  force  field  arguments  (see  below)  do 
not  support  such  a reversal,  it  must  be  kept  in  mind  that  we 
are  comparing  a free  molecule  with  a poorly  understood  solid 
exhibiting  relatively  strong  anion-cation  coupling. 

In  our  spectra  two  relatively  veak  broad  infrared  bands  were 
frequently  observed  at  about  1950  and  1 350  cm1,  respectively. 
Their  relative  intensities  varied  and  <hcy  cannot  readily  be 
assigned  to  an  overtone  or  combine  lion  band.  Their  origin 
is  at  the  present  not  fully  understood. 

In  summary,  the  vibrational  spectra  unambiguously  establish 
that  the  HF<H2<>MFj  adducts  are  ionic  both  in  the  solid  state 
and  in  solution  and  contain  octahedral  MF6  anioris  and 
pyramidal  OH3+  cations,  although  some  of  the  details  of  the 
spectra  are  still  poorly  understood.  The  fundamentals  of  OH3+ 
in  its  MFs-  salts  significantly  differ  from  those  found  for  OH  a4" 
in  mineral  acid  monohydrates,21  such  as  0H3+C104',  and 
resemble  more  closely  those  of  isoelectronic  NH3.  The  fact 
that  in  OH3+MF6  the  OH  stretches  have  higher  and  the 
deformations  have  lower  frequencies  than  in  the  mineral  acid 
hydrates  strongly  indicates  that  the  hydrogen  bridging  in 
OHj+MF6  is  significantly  weaker,  i.e.,  that  these  compounds 
are  mote  ionic. 

Force  Coustants.  To  support  the  above  assignments,  force 
fields  were  computed  for  OH3+  (see  Table  IV)  using  the 
vibrational  frequency  values  from  this  study  and  the  geometry 
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Table  IV.  Symmetry  and  Internal  Force  Constant^1  of  OH,*  Compared  to  Those6  of  NH, 


Bond  angle,  deg 

110 

1 10 

110 

110 

100 

107 

Force  field 

DFF 

and  “ min 

NH,  TR 

v,  -v, 

Ft,  and  FM  - min 

Fn  and  Fm  a min 

GVFF 

A , P\ , ' Jr  7 lire 

6.3369 

6.3398 

6.3565 

5.7783 

6.2128 

6.4540 

- la  + 2/aa 

0.4296 

0.4295 

0.4448 

0.4295 

0.1942 

0.4049 

F ,2  - 2 frQ  + fra‘ 

0 

0.02395 

0.3244 

0.02395 

0.0183 

0.3244 

t F„=/r  fee 

5.4213 

5.4398 

5.4542 

5.9696 

5.4908 

6.4732 

F*4  - la  " faa t 

0.5826 

0.5817 

«.5840 

0.5817 

0.6752 

0.6161 

F j*  = Ira  + Ira' 

0 

-0.0648 

-J.1622 

-0.0648 

-0.0554 

-0.1622 

fr 

5.7265 

5.7398 

5.7550 

5.9058 

5.7315 

6.4668 

fee 

0.3050 

0.3000 

0.3008 

-0.0638 

0.2407 

-0.0064 

fa 

0.5316 

0.5310 

0.5376 

0.5310 

0.5149 

0.5457 

faa 

-0.0510 

-0.0507 

-0.0464 

-0.0507 

-0.1603 

-0.0704 

fra 

0 

0.0296 

0.1622 

0.0296 

0.0246 

0.1622 

fraa 

0 

-0.0352 

0 

-0.0352 

-0.0308 

0 

a AU  force  constants  have  units  of  mdyn/A.  Frequency  values  used:  v,  = 3300,  v,  = 900,  v,  = 3150,  and  v,  = 1620  cm'1,  except  for 
column  5 where  the  frequencies  of  v,  and  v,  were  exchanged.  b Values  from  ref  50. 


(/.  ■ 110°,  r « 1.01  A)  previously  established23  for  the 
OHy+CHjCbHsSOy  salt.  The  force  constants  were  computed 
by  trial  and  ctror  with  the  help  of  a computer  to  obtain  an 
exact  fit  between  observed  and  calculated  frequencies.  Three 
different  force  fields  were  computed  to  demonstrate  that  the 
choice  of  the  force  Field  has  little  influence  on  its  values  for 
a vibrationally  weakly  coupled  species,  such  as  OHj+,  in  which 
the  central  atom  is  much  heavier  than  the  ligands.  To 
demonstrate  the  small  variation  in  the  force  constant  values, 
four  decimals  are  listed  in  Table  IV,  in  spite  of  the  rather  large 
uncertainties  in  the  given  force  constant  values.  These  are 
caused  by  the  broadness  of  the  bands  and  the  unknown  bond 
angle  of  OH.i+  in  its  MF*  salts.  Two  of  the  three  force  Helds 
used,  the  diagonal  force  field  and  the  force  field  requiring  the 
deformation  symmetry  force  constants  to  have  minimal  values, 
were  selected  owing  to  their  established49  usefulness  for  weakly 
coupled  systems.  For  the  third  force  field,  the  off-diagonal 
symmetry  force  constants  were  borrowed  from  the  known50 
general  valence  force  field  of  isoelcctronic  NH3.  Since  the 
antisymmetric  OH  3+  stretch  has  a significantly  lower  frequency 
than  the  symmetric  o'.e  and  since  ‘heir  frequency  separation 
is  a function  of  the  boi.d  angle,51  this  might  be  taken  as  some 
evidence  for  the  OHj+  bond  angle  being  smaller  than  that  in 
isoelcctronic  NHj.  ConscqTcntly,  we  have  also  computed  the 
three  force  fields  for  OHj+  assuming  a bond  angle  of  100°. 
Whereas  the  stretching  force  constants  show  little  angle 
dependence,  F22  becomes  unreasonably  small  for  a ■ 100°, 
thus  arguing  against  such  a small  bund  angle  for  OH3+.  As 
expected  for  a weakly  coupled  specie  containing  only  one 
stretching  and  one  deformation  vibraik  n of  very  different 
frequency  in  each  symmetry  block,  the  potential  energy 
distribution  showed  all  fundamental  to  be  highly  characteristic. 
The  two  high-frequency  fundamentals  were  in  all  cases  pure 
stretches  and  the  two  low-frequency  fundamentals  were 
95-100%  deformation  modes  depending  upon  the  values  of  the 
chosen  off-diagonal  symmetry  force  constants. 

Comparison  of  the  OHj+  force  fields  with  that50  of  iso- 
electronic  NH3  shows  good  agreement.  The  only  major 
divergence  is  found  for  the  stretch-stretch  interaction  constant 
fn  which  is  caused  by  «(E)  of  OH)+  having  a lower  frequency 
value  than  pi(Ai).  This  discrepancy  could  be  eliminated  either 
by  reversing  their  assignment  (see  Table  IV)  or  by  assuming 
very  similar  frequency  values  for  them  and  explaining  the 
observed  splitting  of  the  broad  band  at  ~3300  cm  1 in  the 
infrared  spectrum  of  OH\+SbFf.  by  Fermi  resonance  between 
2ru(Ai  + Li  + I 2)  and  vi(At)  or  im(E).  Clearly,  the  force  field 
computations  for  OHj+  and  comparison  with  those  for  NH3,50 
PH3,50  and  Sllj+  7 favor  tn>  v\.  However,  the  experimental 
data  (see  above)  seem  to  suggest  vi  > 1/3.  Obviously,  additional 


experimental  data  are  required  to  resolve  this  remaining 
ambiguity. 

Several  papers20-2152  53  have  previously  been  published 
dealing  with  force  fields  of  OH3+.  Owing  to  the  great  variance 
of  the  frequencies  used,  the  values  reported,  for  example,  for 
fr  range  from  3.93  to  6.31  mdyn/A.  The  variance  of  the 
frequencies  is  due  partially  to  the  different  degree  of  hydrogen 
bridging  in  the  different  OH3+  salts  studied21  and  partially 
to  the  broadness  of  the  bands  rendering  their  assignments 
extremely  difficult  and  uncertain. 

Conclusion 

The  novel  oxonium  salts  OHj+SbF6  and  OHs+AsF6  were 
synthesized  and  partially  characterized.  They  possess  unusual 
thermal  stability,  are  easy  to  prepare,  are  well  defined,  appear 
to  be  highly  ionic  and,  therefore,  should  be  ideally  suited  for 
the  study  of  the  oxonium  cation. 
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The  synthesis  and  properties  of  SHj+SbF*  , the  first  known  example  of  a stable  salt  containing  the  sulfonium  cation,  are 
reported.  The  SHj+  cation  was  characterized  by  vibrational  spectroscopy  and  a normal-coordinate  analysis  was  carried 
out  Attempts  to  prepare  SH)+AsFV  resulted  in  the  formation  of  As2S$.  Protonation  of  HCI  in  HF-SbFs  solution  yields 
an  unstable  white  solid,  but  no  evidence  was  obtained  for  adduct  formation  in  the  HF-SbFs-Xe  system  at  temperatures 
as  low  as  -78®. 


Introduction 

Recent  studies'  in  our  laboratory  showed  that  the  proton- 
ation of  H2O  in  HF-MFs  (M  = Sb  and  As)  solutions  produces 
the  surprisingly  stable  oxonium  salts  OHj+MF<r.  This 
prompted  us  to  investigate  the  synthesis  of  other  onium  salts. 
In  this  paper  we  report  on  the  protonation  of  H2S,  HCI,  and 
Xe.  Results  on  the  protonation  of  HNF2  and  NF3  will  be  given 
elsewhere.2 

Whereas  a huge  number  of  alkyl-  or  aryl-substituted  sul 
fonium  salts  are  known,  we  could  not  find  any  literature  reports 
on  the  isolation  of  a salt  containing  the  SH3+  cation,  although 
Olah  and  coworkers  had  observed3  the  SH3+  cation  at  low 
temperature  in  HSChF-SbFs-SCh  solution  by  proton  NMR 
spectroscopy  (singlet  at  & -6.60).  In  addition,  the  formation 
of  gaseous  SH3+  was  studied5-7  in  mass  spectrometers 
(ion-molecule  and  electron-impact  studies).  Similarly,  the 
protonation  of  HCI  has  been  studied  only  in  HSChF-SbFs 
solution  at  low  temperature  by  NMR  spectroscopy,  but  no 
direct  evidence  for  the  formation  of  a C1H2+  cation  was  re- 
ported.8 For  xenon,  protonation  in  HF-SbFj  solution  was 
postulated9  based  on  its  ability  to  suppress  isotopic  hydro- 
gen-deuterium exchange;  protonation  in  ion-molecule  reactions 
has  been  also  reported.10-" 

Experimental  Section 

The  experimental  techniques  us*i  in  this  study  were  essentially 
the  same  as  those  previously  described.1 

Preparation  of  Slfc^SbF*-.  In  a typical  experiment,  SbFs  (5.38 
mmol)  and  anhydrous  HF(I0  ml  of  liquid)  were  combined  at  -196® 
in  a Teflon-FBP  ampoule.  The  mixture  was  warmed  to  25*  to  give 
a homogenous  solution.  Hydrogen  lulfidc  (7.10  mmol)  was  added 
to  the  ampoule  at  -196*.  The  mixture' was  wanned  first  to  -78®  and 
then  slowly  to  25*.  During  warmup  was  formed  a white  solid,  which 


was  only  partially  soluble  in  the  excess  of  HF.  Volatile  products  were 
removed  at  25“  in  vacuo,  leaving  behind  1.452  g of  a white,  stable 
solid  (weight  ealed  for  5.38  mmol  of  SHj+SbFf  1.457  g).  Anal. 
Calcd  for  SHiSbFs:  Sb.  44.95;  S,  11.84.  Found:  Sb,  44.8;  S,  11.9. 
The  SHj+SbF6~  product  can  be  stored  at  25°  without  noticeable 
decomposition  in  Teflon  or  Kel-F  containers,  but  it  attacks  quartz. 

Ih*  HF-ASF5-H2S  System.  Anhydrous  HF  (10  ml  of  liquid)  and 
AsFs  (3.54  mmol)  were  combined  at  -196®  in  a Teflon-FEP  ampoule. 
The  mixture  was  warmed  to  25®  and  then  rccoolcd  to  -196*. 
Hydrogen  sulfide  (3.54  mmol)  was  added  to  the  ampoule  at  -196®. 
During  slow  warmup  of  the  mixture  to  0®  a white  to  yellow  solid 
formed.  The  ampoule  was  recooled  to  -78®  and  volatile  material  was 
pumped  off  during  warmup  to  25*  leaving  behind  221  mg  of  a stable 
yellow  solid  (weight  ealed  for  0.708  mmol  of  AsjSs  220  mg).  Vi- 
brational spectroscopy  showed  that  the  solid  did  not  contain  bands 
characteristic  for  either  SHj+  (see  below)  or  AsF*-.  It  was  insoluble 
in  water  but  slowly  dissolved  in  boiling  concentrated  HNOj.  Anal. 
Caicd  for  As2Ss:  As,  48.3;  S,  51.7.  Found:  As,  48.5;  S.  51.6. 

The  HF-ShFs-HCI  System.  To  a homogenized  mixture  (see  above) 
of  SbF;  (2.57  mmol)  and  anhydrous  HF  (5  ml  of  liquid)  in  a Tef- 
lon-FEP ampoule,  HCI  (6.81  mmol)  was  added  at  -196*.  The 
mixture  was  warmed  to  -78®  and  then  cycled  several  times  between 
-78  and  0®.  A white  solid  was  formed  upon  melting  of  the  starting 
materials.  Volatile  material  was  pumped  off  at  -45®,  resulting  in 
71 5 mg  of  an  unstable,  white  solid  melting  below  room  temperature 
to  a pale  yellow,  dear  liquid  (weight  ctlcd  for  2.57  mmol  ClHj+SbFs" 
702  mg).  The  vapor  phase  -bove  the  liquid  at  26*  was  shown  by 
infrared  spectroscopy  to  consist  essentially  of  HF  and  HCI.  The 
Raman  spectrum  of  the  HF  solution  showed  the  bands  characteristic 
of  SbF*-  (see  below). 

The  HF-SbFs-Xe  System.  To  a homogenized  (see  above)  mixture 
of  SbFs  (3.07  mmol)  and  anhydrous  HF  (10  ml  of  liquid)  in  a 
Teflon-FEP  ampoule,  Xe  (7.04  mmol)  was  added  at  -196®.  The 
mixture  was  slowly  warmed  to  0®  and  then  kept  at  -78*  for  16  hr. 
No  evidence  for  adduct  formation  between  Xe  and  HF-SbFj  at  -78® 
was  detected,  and  the  xenon  starting  material  was  quantitatively 


t 


319 


Novel  Onium  Salts 


Inorganic  Chemistry,  Vol.  14,  No.  9,  1 975  2231 


Table  1.  X-Ray  Powder  Data  for  H 
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^obid*  A 

Intens 

hkt 

S.96 

5.94 

vw 
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5.26 
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3.94 

3.94 
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202,  3 r? 
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31 1 

3.16 

3.16 
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mw 
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1.963 
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315 
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mw 
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mw 

1.461 

mw 
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1.251 
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w 
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a Tetragoiial.il  11.89  A,  e = 10.51  A.  V - 1484.0  A\Z  - 8, 
Pealed  = 2 43  S mi  Cu  Ka  radiation,  and  Ni  filter. 


recovered  from  (he  reaction  mixture  at  78°. 

Results  and  Discussion 

Synthesis  and  Properties  of  SHi+  Saits.  Protonation  of  HoS 
in  HF-SbF<  solution  produced  the  white,  stable  solid  SHj+- 
SbFi.  in  quantitative  yield  according  to 

HjS  + HI-'  f Sbl-.  -SH/SblV 

To  our  knowledge  this  is  the  first  reported  example  of  a stable 
salt  containing  the  sulfonium  cation. 

According  to  the  DSC  data,  SH.t+SbFi  starts  to  decompose 
at  90°  with  the  onset  of  an  exotherm  which  rapidly  changes 
into  a large  endotherm.  The  salt  is  moderately  soluble  in 
anhydrous  H F.  Attempts  were  unsuccessful  to  dissolve  it  in 
organic  solvents,  such  as  CH3SO2CH3,  which  were  found1 
suitable  for  OH3+SbFs  . When  the  solvent  was  added,  gas 
evolution  and  the  formation  of  a cinnabar  solid  (probably 
SbzS?)  and  a yellow  solution  were  observed.  Attempts  to 
dissolve  the  sulfonium  salt  in  SbF?  caused  oxidation  of  SHj+ 
as  indicated  by  gas  evolution  and  the  appearance  of  a strong 
blue  color,  similar  to  that  previously  reported12  for  polysulfur 
radical  cations.  When  exposed  to  atmospheric  moisture,  the 
solid  turns  yellow  first  and  then  cinnabar  accompanied  by  the 
evolution  of  H}S.  Obviously,  H:S  is  displaced  from  its  salt 
by  the  more  basic  water.  This  displacement  reaction  might 
be  used  as  a convenient  way  to  generate  gaseous  H2S  from 
the  storable  solid  SH3+SbF6~  by  the  simple  addition  of  water. 
Vibrational  spectroscopy  (see  below)  showed  that  some  samples 
contained  some  sulfur  in  the  form  at  Ss,  as  was  also  indicated 
by  their  faint  yellow  color. 

The  X-ray  powder  pattern  of  SH3+SbFt  is  listed  in  Table 
I.  The  tetragonal  unit  cell  with  a = 1 1.89  A,  c m 10.51  A, 
and  Z = 8 is  in  good  agreement  with  those  found  for  OHj+- 
SbFft  and  the  related  M+XFs  salts. >>  *5  As  expected. 
SH3+SbF6  has  a larger  unit  ceil  and  a lower  density  than 
OH3+SbFs  owing  to  SH3+  having  a significantly  larger  radius 
than  OH3+. 

Attempts  to  synthesize  SHj+AsF6  from  the  HF-AsFs-  H2S 
system  were  unsuccessful  and  resulted  in  the  quantitative 
ce  (version  of  AsFs  to  As2 Ss  according  to 

2 Ad',  + 5 1 1, S ■ As,S,J  + 10HF 


Figure  1.  Vibrational  spectrum  of  SH,*SbF,\  For  clarity,  bands 
due  to  sulfur  (S,)  were  deleted:  trace  A,  infrared  spectra  of  the 
solid  as  dry  powders  between  AgBt  disks  at  two  different 
concentrations;  part  of  the  intensity  of  the  270-cm"‘  band  is  due 
to  absorption  by  the  thin  A.gBr  windows;  trace  B,  spectrum  of  a 
different  sample  shown  to  demonstrate  the  variable  relative 
intensities  of  the  impurity  bands  marked  by  an  asterisk  and  a 
diamond  (see  text  ),  trace  C,  Raman  spectra  of  solid  SH,*SbF," 
recorded  at  two  different  recorder  voltages  and  spectral  slit 
widths  of  4 (lower)  and  8 cm'1  (upper  traces);  sample  container 
was  a quartz  tube;  trace  D,  background  spectrum  recorded  after 
complete  decomposition  of  SU  ,'SbF,  had  occurred. 

This  difference  in  behavior  between  SbFs  and  AsFs  is  not 
surprising  since  it  is  well  known16  that  in  the  presence  of 
fluoride  ions  H2S  will  precipitate  only  arsenate,  but  not  an- 
timouate,  as  the  corresponding  pentasulfide. 

Protonatk*  of  HCI  and  Xe.  Since  the  protonation  of  FI2O 
and  of  the  more  acidic  H2S  had  resulted  in  the  formation  of 
novel  stable  MF6  salts,  we  decidod  to  examine  the  protonation 
of  the  even  more  acidic  species  HCI  and  of  Xe.  For  both, 
previous  studies8-9  had  indicated  protonation  in  solution. 

The  protonation  of  HCI  in  HF-SbFs  solution  produced  a 
white  solid  product  stable  at  -45°  but  melting  below  room 
temperature  with  decomposition.  From  the  observed  material 
balance,  the  composition  of  the  adduct  was  found  to  be  ap- 
proximately 1:1:1  and  the  more  volatile  decomposition  products 
were  shown  to  He  HCI  and  HF.  By  analogy  with  the  OHj+ 
and  SH3+  salts  and  on  the  basis  of  the  Raman  spectrum  of 
an  HF  solution  showing  the  presence  of  SbF6  , this  adduct  is 
likely  to  be  ClH2+SbFs  . For  xenon,  no  evidence  for  the 
formation  of  a stable  adduct  was  found  at  temperatures  2s  low 
as  -78°.  Our  studies  indicate  that  compounds  more  basic  than 
HCI  stand  a good  chance  of  forming  a reasonably  stable 
protonated  SbF6~  salt.  NMR  evidence  for  the  existence  of 
such  protonated  species  in  superacid  solutions  at  low  tem- 
perature has  already  been  reported17  for  several  specie*,  and 
the  isolation  of  these  and  other  novel  simple  protonated  cations 
in  form  of  their  stable  MF6~  salts  can  be  predicted.  Obviously, 
the  parent  species  are  not  limited  to  nonmetal  hydrides  but 
can  include  many  other  moieties. 

Vibrattocal  Spectrum  of  SH3+SbFV.  Since  SHj+SbFs" 
decomposes  in  organic  solvents,  such  as  CH3SO2CH3,  and  its 
proton  NMR  spectrum  in  HS03F-SbFj-S02  solution  (singlet 
at  6 6.60)3  yields  little  structural  information,  we  have  used 
vibrational  spectroscopy  to  characterize  the  SH3+  cation.  The 
vibrational  spectrum  of  solid  SH3+SbF6~  is  shown  in  Figure 
! . Attempts  to  record  the  Raman  spectrum  of  an  HF  solution 
were  unsuccessful  owing  to  the  moderate  solubility  of  the  salt 
in  HF.  When  exposed  to  the  blue  4880-A  tine  of  an  A r ion 
laser,  the  sample  tended  to  decompose  rapidly  even  at  -120*. 
However,  this  problem  could  be  overcome  by  defocusing  the 
laser  beam.  In  general,  the  Raman  spectra  showed  bands1*-19 
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Table  II.  Vibrational  Spectrum  of  SH.'SbF,'  and  lti  Assignment 
Compared  to  Tltat  of  PH 

Obsd  freq,  cm'1, 
and  rei  intent* 


SH.'SbF,"  solid  Assignment  (point  group) 


PH, 

lr 

Raman 

XH,  (C,„) 

SbF.'  (Oh) 

2328 

2520  vs 

2520(1.3)1 

v,(E) 

2323 

2360  sb 

2490  sh  > 

v,(A,) 

2v,(A,  + E + F. 

,) 

1308  w 

v,  + v,(F,u) 

1222  w 

v,  + v,(Eg) 

117,2 

it 80  vw 

1180(0.4) 

v.(E) 

992 

1028  mw 

1025  (0.3) 

v,(A,) 

848  vw 
660  vs 

650  (10) 

v,  + v.(F,u) 
v,(F,u) 
v,(Alg) 
v,(E,) 

569  m 

556  (1.6) 

282  (2.8)> 
275  sh  f 

v,(F,g) 

270  s 

v«(F,  u) 

a Reference  23.  * Uncorrected  Raman  intensities;  bands  due  to 
decomposition  products  have  not  fcaen  listed. 

due  to  varying  amounts  of  sulfur  (Sit)  as  was  also  indicated 
by  the  yellow  ish  color  of  these  samples.  In  addition,  the  spectra 
showed  a band  at  760  enr 1 (marked  in  Figure  I by  an  asterisk) 
which  based  on  literature  data1*1  v does  not  belong  to  Ss. 
Decomposition  studies  showed  that,  contrary  to  the  SHs+SbFs 
bands,  this  band  was  stable  toward  decomposition  in  the 
focused  laser  beam  and,  therefore,  cannot  belong  to  SHj+SbF6 
(see  trace  D.  Figure  1 ).  The  Raman  spectrum  contains  also 
a weak  band  at  about  500  enr1  (marked  by  a diamond)  which 
is  definitely  due  to  a decomposition  product.  This  band 
becomes  the  most  intense  band  in  the  spectrum,  when  most 
of  the  SHj+SbFa  has  decomposed.  The  remainder  of  the 
spectrum  (see  Table  II)  is  in  excellent  agreement  with  our 
expectations  for  ionic  SHy+SbF*  and  is  discussed  below. 

The  general  appearanxe  of  the  vibrational  spectrum  of 
SH3+SbF6  (see  Figure  1)  strongly  deviates  from  that1  of 
OHj+SbF*  recorded  at  room  temperature.  Contrary  to 
OHj+SbF6  . the  bands  due  to  SH.t+SbF6  are  sharp  and 
narrow  and  show  little  or  no  splittings  indicating  for  SbF6 
and  SHj+  no  appreciable  deviation  from  symmetry  Oh  and 
Cm  respectively.  In  particular,  the  Raman  bands  due  to  SbFs 
are  very  narrow  and  exhibit  the  frequencies  and  relative  in- 
tensities expected20-22  for  octahedral  SbFs  . This  indie,  es 
that,  contrary  to  OHj+SbFs  , either  the  cation-anion  coupling 
in  SH3+SbFf.  is  relatively  weak  or  the  crystal  lattice  becomes 
rigid  at  a higher  temperature.  Since  OHj+SbFs  and 
SH3+SbF6  have  similar  tetragonal  unit  cells  with  Z * 8 (see 
above),  it  is  unlikely  that  crystal  effects  arc  the  main  reason 


for  this  pronounced  difference.  A better  explanation  for  the 
observed  difference  is  the  lower  electronegativity  of  sulfur  when 
compared  to  oxygen.  This  should  markedly  decrease  the 
polarity  of  the  X-H  bond  and  thereby  decrease  the  positive 
charge  on  the  hydrogen  ligands.  This  in  turn  should  result 
in  a much  weaker  coulombic  interaction  between  the  positively 
polarized  hydrogen  ligands  of  the  cation  and  the  negatively 
polarized  fluorine  ligands  of  the  anion,  hence  substantially 
reducing  the  cation-anion  coupling. 

The  assignments  for  t*“  SHj+  cation  in  point  group  Cjv  were 
made  by  comparison  with  those22  of  isoelectronic  PH3  (see 
Table  11).  Pyramidal  XY3  of  symmetry  Civ  has  four  fun- 
damentals which  are  classified  as  2 Ai  + 2 E,  all  being  active 
in  both  the  infrared  and  the  Raman  spectra.  Of  these,  each 
symmetry  species  contains  one  stretching  and  one  bending 
mode.  By  comparison  with  PHs,  the  two  stretching  modes  of 
SH3+  are  expected  to  have  very  similar  frequencies  and,  indeed, 
only  one  intensive  band  is  observed  in  the  S-H  stretching  region 
at  2520  cm1.  Since  the  symmetric  SH3  stretch  should  be  of 
_ much  higher  Raman  intensity  than  the  antisymmetric  one,  the 
maximum  of  the  Raman  band  at  2520  cm"1  must  be  due  to 
vi  (A  i ).  This  band  shows  a shoulder  at  2490  cm  1 , which  might 
represent  the  antisymmetric  stretch  io( E).  However,  we  prefer 
to  assume  a complete  coincidence  of  vt  and  vj,  since  to  should 
be  more  intense  in  the  infrared  spectrum24  and  the  infrared 
band  has  its  maximum  at  about  2520  cm  '.  The  weak  shoulder 
observed  at  2360  cm"1  in  the  infrared  spectrum  is  due  to  the 
overtone  2jm(Ai  + E + F2)  in  Fermi  resonance  with  *1  and 
v.t. 

Of  the  two  deformation  modes  of  $H3+,  one  obviously  is 
represented  by  the  !G28-cm  1 infrared  band.  For  the  other 
deformation,  we  had  originally  considered  the  760-cnr 1 in- 
frared band.  However,  a normal-coordinate  analysis,  carried 
out  with  this  assignment,  resulted  in  unreasonable  force 
constants.  Whereas  the  stretching  force  constant  in  SH3*  was 
larger  than  in  PH  3,  the  deformation  constant  was  significantly 
lower.  This  is  not  plausible  since  any  H—F  bridging  possible 
in  such  a solid  should  decrease  the  value  of  the  stretching  and 
increase  the  value  of  the  deformation  force  constant.  A careful 
reexamination  of  the  spectra  established  that  the  760-cin"1 
band  is  not  pari,  of  the  SH3+SbF6  spectrum  and  that  the 
Raman  spectrum  exhibits  a band  of  moderate  intensity  at  1180 
ctn  >,  a frequency  value  quite  reasonable  for  the  missing  SHj+ 
deformation.  The  assignment  of  this  band  to  V4(E)  of  SH3+ 
is  further  supported  by  the  observation  of  its  overtone  in  the 
infrared  spectrum  (see  above)  and  the  results  from  a 
normal-coordinate  analysis  (see  below).  Direct  observation 
of  va  in  the  infrared  spectrum  is  complicated  by  its  relatively 
low  infrared  intensity  and  interference  by  SbFh  combination 
bands.  This  leaves  the  1028-cm  1 infrared  hand  for  assignment 
to  v2(Ai),  in  excellent  agreement  with  the  frequencies22  of  PHy. 


Table  III.  Symmetry  and  internal  Force  Constant!0  of  Sil , * Compared  to  Those  of  Isoelcctronic  PH, 


PH,* 


Bond  angle,  deg 

90 

95 

95 

95 

100 

105 

110 

93 

Force  Field 

DFF 

DFF 

F„  and  F„  = min 

PH,  TR 

DFF 

DFF 

DFF 

(iVFF 

A,  F„  fr  + Vrr 

3.6535 

3.6730 

3.6764 

3.6797 

3.6930 

3.7130 

3.7320 

3.1222 

F , j ' fa  F 2faa 

0.2958 

0.3252 

0.3252 

0.3263 

0.3705 

0.4472 

0.6030 

0.2938 

F , 3 2/^0  +■  fra' 

0 

0 

0.0180 

0.0784 

0 

0 

0 

0.0784 

E F,,  - ft  - {„ 

3.6543 

3.6445 

3.6467 

3.6469 

3.6350 

3.625 

3.6158 

3.1087 

f „ — la  /no 

0.4071 

0.3872 

0.3873 

0.3874 

0.3658 

0.3426 

0.3178 

0.3548 

F14  = fra  + fra' 

0 

0 

-0.0140 

-0.0392 

0 

0 

0 

-0.0392 

fr 

3.6540 

3.6540 

3.6566 

3.6578 

3.6543 

3.6S43 

3.654$ 

3.1132 

frr 

-0.0003 

0.0095 

0.0099 

0.0109 

0.0193 

0.0293 

0 0387 

0.0045 

fa 

0.3700 

0.3665 

0.3666 

0.3670 

0.3674 

0.3775 

0.4129 

0.3345 

feta 

-0.0371 

-0.0207 

-0.0207 

-0.0204 

0.0016 

0.0349 

0.0951 

-0.0203 

fra 

0.0107 

0.0392 

0.0392 

fra' 

-0.0033 

0 

0 

All  force  constants  have  units  of  mdyn/A.  Frequency  values  used:  v,  = v, 

= 2520,  v. 

= 1028, and 

v,  = 1 1 80  cm ' 1 . u Values  from 

ref  23. 
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Hexafluoroiodine(VlI)  Hexafluoroantimonate(V) 

NonaaJ-Coordiaate  Anlyik  To  support  the  above  as- 
signments for  SH)+,  a normal-coordinate  analysis  was  carried 
out,  the  results  of  which  are  given  in  Table  111.  Since  the 
geometry  of  SHj+  is  unknown,  we  have  computed  force  fields 
for  different  bond  angles  ranging  from  90  to  110°  (the  bond 
angle  in  isoclectronic  PH  > is  93. 345°). 25  For  the  bond  length 
in  SHj+  an  estimated  value  of  1 .33  A was  used.  The  force 
constants  were  computed  by  trial  and  error  with  the  help  of 
a computer  to  obtain  an  exact  tit  between  observed  and 
calculated  freque.Kiies.  Three  different  force  fields  were  used 
to  show  that  for  a vibrationally  wealdy  coupled  (heavy  central 
atom,  light  ligands)  species,  such  as  SH}+,  the  choice  of  a 
particular  force  field  is  less  important  than  other  variables, 
such  as  the  bond  angle.  To  demonstrate  the  small  variation 
in  the  computed  force  fields,  insignificant  decimals  are  carried 
in  Table  III.  Of  the  three  different  force  fields  used,  the 
diagonal  force  field  (DFF)  and  the  force  field  requiring  the 
deformation  symmetry  force  constants  to  have  minimal  values 
were  selected  for  their  established26  usefulness  for  vibrationally 
weakly  coupled  species.  The  third  force  field  (PH3.TR)  was 
computed  by  using  the  general  valence  force  field  (GVFF) 
off-diagonal  symmetry  force  constants  of  isoelectronic  PHj 
for  SH3+.  As  can  be  seen  from  Table  III,  all  three  force  fields 
yield  very  similar  fores  constants.  Therefore,  the  given  force 
fields  are  likely  to  be  good  approximations  of  a GVFF.  By 
comparison  with  the  known  bond  angles  of  H2O,  CH3+,  NHj, 
H2S,  and  PH  ),  a bond  angle  of  about  95°  appears  to  be  most 
likely  for  SHi+,  although  the  choice  of  the  bond  angle  is  not 
very  critical  as  can  be  seen  from  the  small  variation  of  the  force 
constants  within  the  most  probable  bond  angle  range  of 
90-100°.  As  expected  for  a vibrationally  weakly  coupled 
species  containing  only  one  stretching  and  one  deformation 
vibration  of  very  different  frequency  in  each  symmetry  block, 
the  potential  energy  distribution  showed  all  fundamentals  to 
be  highly  characteristic.  Thus,  v\  and  vj  were  100%  pure 
stretching  modes  and  vi  and  v*  were  97-99%  pure  defor- 
mations. Comparison  of  the  force  constants  of  SHt+  with 
those23  of  PH  1 shows  excellent  agreement  thus  supporting  the 
above  given  assignments  for  SH.i+. 
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Novel  Onium  Salts.  Synthesis  and 

Characterization  of  the  Difluoroammonium  Cation,  NH2F2+ 
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The  syntheses  and  properties  of  NfhFj+SbFs"  and  NIHFj+AsFs  . the  first  known  examples  of  difluoroammonium  salts, 
are  reported.  The  NH2Fj+  cation  was  characterized  by  19F  and  'H  NMR  and  vibrational  spectroscopy.  At  room  temperature 
the  NH2F2+  salts  are  metastable  and  undergo  spontaneous  exothermic  decomposition  by  HF  elimination.  Attempts  were 
unsuccessful  to  prepare  either  NHFj+  salts  by  protonation  of  NF3  at  temperatures  as  low  as  -78°  or  fluorine-substituted 
ammonium  salts  by  direct  fluorination  of  NH4+AsF6  in  HF  solution  in  the  temperature  range  -78  to  +25°. 


Introduction 

Recent  studies  in  our  laboratory  demonstrated  that  several 
novel  onium  salts  can  be  prepared  by  protonation  of  less  acidic 
compounds  in  HF-MF5  (M  “ Sb,  As)  solutions.  Thus, 
protonation  of  H2O  and  H2S  produced'.?  the  surprisingly 
stable  OHs+MFs  and  SH3+SbFV  salts,  respectively.  In  this 
paper,  we  report  on  the  protonation  of  HNF2  and  NF3. 

Whereas  salts  containing  the  NH4+  ion  had  been  described 
already  in  the  early  part  of  the  fourteenth  century,3 
fluorine-substituted  salts  were  unknown  until  1965.  Disproving 
earlier  theoretical  computations4-5  that  NF4+  salts  should  be 
thermodynamically  unstable,  these  salts  were  synthesized6-7 
in  1 965  and  shown  to  be  of  high  thermal  stability.  Since  then, 
numerous  papers  dealing  with  NF«+  salts818  and  the  thermally 
unstable  NF3+  radical  cation17  have  appeared.  Of  the  mixed 
NH«F4-m+  cations,  the  NHjF+  cation  has  previous!"  ’ . m 
described,19-20  but  no  data  on  the  remaining  two  men.  n 
this  series,  i.e.,  NH2F24  and  NHF.3+,  have  been  publisneu. 
This  is  not  surprising,  since  from  comparison  with  the  highly 
shock-sensitive  HNF2  molecule  and  its  CsF  adduct,21  one 
might  expect  these  more  highly  fluorinated  mixed  ammonium 
salts  to  be  very  susceptible  to  HF  elimination.  The  adduct 
formation  of  HNF2  with  the  Lewis  acids  BF3,  BCh,  PFs,  and 
SO2  has  been  studied22  at  -196°  by  infrared  spectroscopy,  but 
no  evidence  was  found  for  ion  formation.  The  thermal  stability 
of  these  adducts  was  rather  low  with  (in  some  cases  irrev- 
ersible) decomposition  occurring  at  about  -80°. 

Experimental  Section 

Cautioei  Difluoramine  is  highly  explosive21  and  protective  shielding 
should  be  used  during  handling  operations.  The  compound  was  always 
condensed  at  -142*  and  the  use  of  a -196'  bath  should  be  avoided.23 
In  the  course  of  the  present  study  five  explosions  of  both  NH2F2+AsF& 
and  NH2F2+C+F6  in  HF  solution  occurred,  when  these  solutions  were 
kept  between  -50  and  +25'  for  extended  periods  of  time.  However, 
the  appearance  of  the  ruptured  Kel-F  or  Teflon-FEP  containers 
indicated  pressure  explosions  (probably  caused  by  HF  elimination 
with  N2  formation  and  by  the  small  ullage  above  the  liquid  phase) 
rather  than  rapid  explosive  decomposition.  The  rate  of  decomposition 
of  these  NH2F2+  salt  solutions  varied  strongly  from  sample  to  sample, 
indicating  catalysis  by  trace  impurities.  The  exothermic  irreversible 
decomposition  of  solid  NH2F2+  salts  appeared  to  proceed  without 
explosion  on  a millimolar  scale,  provided  the  volume  of  the  container 
was  large  enough  to  avoid  ovcrpressurizaiion.  When  working  with 
such  solutions  in  containers  with  small  ullage,  we,  therefore,  re- 


commend removing  the  volatile  decomposition  products  by  quick 
pumping  at  -78°  every  time  before  handling  the  sample. 

The  experimental  techniques  used  in  this  study  have  previously  been 
described.1  Difluoramine  was  prepared  from  difluorourca.24  Nitrogen 
trifluoridc  (99.9%,  Rocketdync)  and  NH4+HF2~  (Braun  Chemical 
Co.)  were  used  without  further  purification.  Difluoramine  was  handled 
in  a Pyrex,  the  other  reactants  in  a Monel  Tefion-FEP,  vacuum  system. 

Preparation  of  NH2F2+AsF6 In  a typical  experiment,  dry  HF 
(50  mmol)  and  AsFs  (1.74  mmol)  were  combined  at  -196°  in  a 
passivated  (with  ClFj)  thin-walled  Kcl-F  capillary.  The  mixture  was 
shortly  warmed  to  room  temperature  to  obtain  a homogenous  solution. 
Difluoramine  (2.0  mmol)  was  added  to  the  ampoule  at  -142°.  The 
mixture  was  warmed  to  -78'  and  a white  solid  was  formed  which 
was  completely  soluble  in  the  HF  solvent  at  20°.  Unreacled  NHF2 
and  HF  solvent  were  removed  under  dynamic  vacuum  between  -78 
and  0°,  leaving  behind  420  mg  of  a white  solid.  This  weight  is  in 
excellent  agreement  with  thet  (423  mg)  expected  for  1.74  mmol  of 
NH2F2+AsF6  . 

For  the  preparation  of  the  NMR  samples,  an  excess  of  AsF.i  was 
used  and  not  pumped  off  to  suppress  exchange  between  the  cation 
and  the  HF  solvent. 

Decomposition  of  NH2F2+ASF6  . A sample  of  solid  NH2F2+AsF6‘. 
contained  in  a Teflon-FEP  ampoule,  was  allowed  to  warm  slowly  from 
-78  to  +20°.  After  about  20  min  at  20°,  the  solid  started  to  melt 
and  spontaneously  decomposed  with  gas  and  heat  evolution  ( caution !). 
The  decomposition  products  were  separated  by  fractional  condensation 
and  identified  by  infrared  spectroscopy  or  mass  spectroscopy.  The 
main  constituents  were  AsFs,  HF,  and  N2,  in  addition  to  some  NF3 
and  rrarw-N2F2. 

Preparation  of  NH2F2+SbF6~.  In  a typical  experiment,  SbFs  (1.70 
mmol)  and  dry  HF  (150  mmol)  were  combined  at  -196°  in  a pas- 
sivated Teflon-FEP  ampoule.  The  mixture  was  warmed  to  25°  to 
obtain  a homogenous  solution.  Difluoramine  (2.02  mmol)  was  added 
to  the  ampoule  at  -142°  and  the  mixture  was  warmed  to  -78°.  A 
white  solid  formed  when  the  starting  materials  melted.  On  warm-up 
toward  0°,  the  solid  completely  dissolved  in  the  excess  HF.  The 
unreacvod  NHF2  and  the  HF  solvent  were  pumped  off  between  -45 
and  0°  leaving  behind  a white  solid  residue  (499  mg).  This  weight 
agrees  well  with  that  (493  mg)  expected  for  1.70  mmol  of 
NH2F2+SbF(,-. 

Decomposition  of  NHjFj+ShFs  . A sample  of  NH’F2+SbF(,  (1.70 
mmol),  when  kept  at  25°  for  about  1 hr,  underwent  spontaneous 
exothermic  decomposition  with  melting  and  gas  evolution.  The 
decomposition  products,  volatile  at  -78*.  consists  of  N2  (0.56  mmol) 
and  NFj  containing  a small  amount  of  tra/ir-N2F.>  (0.58  mmol  total). 
The  residue  ( — 410  mg;  weight  calculated  for  1.70  mmol  of  HF-SbFj 
402  mg)  was  warmed  to  25°  under  dynamic  vacuum.  A small  umount 
of  white  solid  stable  at  25°  was  obtained  which,  based  on  its  infrared 
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spectrum,  contained  some  N2Fj+5bF6‘. 

NFj-HF-SbF<  Systeaa.  To  a homogenized  (see  above)  mixture 
of  SbFs  ( 1 .93  mmol)  and  HF  ( 1 50  mmol)  in  a Teflon-FEP  ampule 
was  added  NFj  (3.52  mmol)  at  -196°.  The  mixture  was  kept  at  -78° 
for  16  hr.  No  evidence  for  adduct  formation  between  NFj  and 
HF-SbFs  at  -78°  was  delected,  and  the  NFj  starting  material  was 
recovered  from  the  mixture  at  -78°. 

NH4+AsF6~-HF-F2Systeia.  Ammonium  bifluoride  (2.79  mmol) 
was  placed  in  a Teflon-FEP  ampoule  and  20  ml  of  liquid  anhydrous 
HF  was  added  at  -78*.  To  the  clear  solution  was  added  AsFs  (3.0 
mmol)  resulting  in  the  formation  of  white  solid  NH«+AsFV.  This 
solid  was  only  sparingly  soluble  in  HF,  even  at  25°.  The  ampoule 
was  pressurized  with  1 atm  of  Ft  at  -73°  and  the  contents  cf  the 
ampoule  were  agitated  for  I hr  at  -78°.  No  pressure  decrease 
(expected  for  F2  consumption  with  HF  formation)  was  observed.  The 
ampoule  was  kept  at  each  of  the  temperatures  -45,  -23,  0,  and  25° 
for  1 hr  with  agitation,  but  again  no  F2  uptake  was  observed. 

Results  and  Discussion 

Synthesis  and  Properties.  The  observed  material  balances 
show  that  protonatior.  of  NHFz  in  HF-MFs  (M  = As,  Sb) 
solutions  proceeds  according  to 

NHFa  + HF  + MF,  ■*  NH.F.'MF," 

The  resulting  difluoroammonium .salts  are  white  crystalline 
solids.  They  are  stable  at  -50°  but  at  room  temperature  tend 
to  undergo  spontaneous  exothermic  decomposition  with  melting 
and  gas  evolution.  In  our  study,  the  longest  time  period  during 
which  a solid  NH2F2+  salt  could  be  kept  at  room  temperature 
without  decomposition  was  about  0.5  hr.  The  HF  solutions 
of  these  salts  appear  to  be  reasonably  stable  at  room  tem- 
perature; however,  their  stability  varied  strongly  from  sample 
to  sample  indicating  some  catalytic  effect  of  by-products  or 
impurities.  Precautionary  measures  for  handling  these 
compounds  are  given  in  the  first  paragraph  of  the  Experimental 
Section. 

The  main  products  in  the  decomposition  of  these 
NHzFz+MFs  salts  are  N2,  NF3,  and  some  trans- N2F2,  in 
addition  to  the  expected  HF  and  MF5.  The  fact  that 
frmtr-N2F2  shows  little  tendency  to  complex  with  MFs  under 
the  given  reaction  conditions,  agrees  with  previous25  studies. 
The  observation  of  only  small  amounts  of  trans-^iiFi  but 
approximately  equimolar  amounts  of  N2  and  NFj  as  main 
products  indicates  the  principal  decomposition  mode 

3NH,F,*MF,"  - 3MF,  + 6HF  + N, + NF, 

The  formation  of  small  amounts  of  trans-NiFi  might  indicate 
that  N2F2  is  an  intermediate  in  the  above  decomposition  mode; 
however,  previous  decomposition  studies21  on  N2F2  gave  no 
evidence  for  a disproportionation  according  to 

3N,Fj  -»  2N,  + 2NF, 

This  difference  in  the  decomposition  products  might  be  due 
to  the  exothermicity  of  the  NH2F2+MF6"  decomposition 
causing  the  formation  of  excited  intermediates.  The  observed 
instability  of  NH2F2+  salts  toward  HF  elimination  is  not 
surprising.  Thus,  NHF2  and  its  CsF  adduct  are  known21  to 
decompose  explosively. 

The  stability  of  the  mixed  NH„F4-a+  fluoroammonium 
cations  decreases  with  decreasing  n.  Thus,  NH3F+  is  relatively 
stable,19'20  NH2F2'*'  is  of  very  marginal  stability,  and  no 
evidence  was  found  in  this  study  for  the  existence  of  a 
NHF3+SbF6_  salt  at  temperatures  as  low  as  -78* . Since  the 
NH3F+  and  NH2F2+  cations  are  reasonably  stable,  partic- 
ularly in  HF  solution  at  low  temperatures,  the  direct  fiuo- 
rination  of  NH<+A$F6  by  F2  in  HF  solution  was  studied  over 
the  temperature  range  -78  to  +25°.  However,  no  fluorination 
of  NH4+AsF<>  was  observed  under  these  conditions  indicating 
a significant  activation  energy  for  this  reaction. 

Nuclear  Magnetic  Resonance  Spectra.  The  19F  and  >H 
NMR  spectra  of  NHzFz+AsFe"  were  recorded  for  HF  so- 


Table  I.  'H  («)  and  ”F  it>)  NMR  Shifts4  (ppm)  and  HF 
Spin-Spin  Coupling  Constant  (/,  Hz)  of  NH,F,*  Compared  to 
Those  of  Gosely  eclated  Species 

NH4* b NH,F>C  NH,P/  NF4* d NHF,* 

6 -6.3  -10.3  d7  -14.2 1 -7.2 1 

<t>  1 1 0.8 q -1 1.6  t -213.5  6d 

JH  r 44  34  24 

4 Measured  for  NH,F,*AsF4‘  in  HF  solution  at  -40°  relative  to 
external  TMS  and  CFO,,  respectively.  b References  1 and  26. 
c Reference  19.  d References  10  and  12.  * Reference  27. 
t Key:  d,  doublet;  t,  triplet;  q,  quartet. 

lutions  acidified  Ly  AsFs  to  suppress  exchange  between  the 
cation  and  the  HF  solvent.  The  results  are  summarized  in 
Table  I and  compared  to  the  data  previously  reported  for  the 
related  species  NH-tV-26  NH3F+19  NF4+,10'12  and  NHF2.27 
As  can  be  seen,  the  observed  chemical  shifts  and  the  hy- 
drogen-fluorine spin-spin  coupling  constant  of  NH2F2+  are 
in  excellent  agreement  with  those  known  for  the  closely  related 
species.  Furthermore,  the  observed  multiplicities  (1:2:1 
triplets)  in  both  the  ‘H  and  the  l9F  spectra  confirm  that  the 
species  contains  two  hydrogen  and  two  fluorine  atoms.  The 
components  of  the  triplets  were  relatively  broad  and  their  line 
widths  did  not  significantly  decrease  with  decreasing  tem- 
perature in  the  range  -30  to  -60°.  This  indicates  that  the  line 
broadening  is  due  to  14N  quadrupole  relaxation  and  not  to  an 
exchange  process.  In  aduition  to  the  NH2F2*  signal,  the 
proton  spectrum  showed  a singlet  e.i  6 -8.6  due  to  HF  and  the 
fluorine  spectrum  exhibited  a singlet  at  <t>  173  for  rabidly 
exchanging  HF,  AsFt",  and  AsFs.  For  a sample  of 
NH2F2+SbF6"  in  unacidified  HF,  separate  signals  were  ob- 
served for  the  SbF6"  anion128  and  HF  at  <5  126  and  194.5, 
respectively. 

Vibrational  Spectra.  The  low-temperature  infrared  and 
Raman  spectra  of  the  solids  and  the  Raman  spectra  of  HF 
solutions  have  been  recorded  for  both  NH2F2+AsF6"  and 
NH2F2+SbF6-.  The  observed  spectra  arc  shown  in  Figures 
I and  2,  and  the  observed  frequencies  and  their  assignment 
are  listed  in  Table  II.  The  assignments  were  made  by 
comparison  with  those29  of  isoelectronic  CH2F2.  As  can  be 
seen  from  the  Raman  spectra  of  the  HF  solutions,  the 
NHF2-MFs  adducts  are  ionic  and  exhibit  the  bands  char- 
acteristic for  octahedral  AsF6  30-32  and  SbF6  .3133  In  the 
solid  state,  site  symmetry  and  crystal  field  effects,  in  addition 
to  distortion  due  to  anion-cation  interactions,1  cause  a splitting 
of  many  bands.1-31'33"35  In  the  absence  of  crystal  structural 
data,  no  attempt  will  be  made  in  the  following  discussion  to 
analyze  thoroughly  these  solid-state  effects.  An  NH2F2+ 
cation  of  symmetry  Civ  (see  below)  already  possesses  nine 
fundamentals,  the  maximum  number  expected  for  a five 
atomic  species.  Consequently,  the  cation  bands  should  be 
affected  only  by  crystal  field  effects  but  not  by  symmetry 
lowering.  Since  the  assignment  of  the  anion  bands  (sec  Table 
II)  is  straightforward,  we  will  discuss  only  that  of  the  cation 
bands. 

An  XH2F2  species  of  symmetry  C2v  possesses  nine  fun- 
damentals classified  as  4 Ai  + A2  + 2 Bi  + 2 B2.  All  of  these 
should  be  active  in  both  the  infrared  and  Raman  spectra, 
except  for  the  A2  mode  which  should  only  be  Raman  active. 
The  Raman  spectrum  of  NH2F2+AsF6"  in  HF  solution  (Figure 
1 , traces  C,  D,  E)  readily  permits  the  assignment  of  the  three 
fundamentals  involving  mainly  motions  of  the  NF2  group,  since 
the  relative  Raman  intensities  of  the  NH2  modes  are  very  low. 
After  subtraction  of  the  three  anion  bands,  we  are  left  with 
three  reasonably  intense  bands  at  1064,  1039.  and  534  cm-1. 
Of  these,  the  ones  at  1064  and  534  cm"1  are  polarized  and, 
therefore,  represent  the  symmetric  NF2  stretch  and  the  NF2 
scissoring  mode  of  species  Ai,  respectively.  The  remaining 
depolarized  Raman  band  at  1039  cm"1  must  then  be  due  to 
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Table  U.  Vibrational  Spectra  of  NH,F/AsF.'  and  NH,F,*SbF,'  Compared  to  That  of  CH,F, 
Obad  freq  (cm'1)  and  rei  intern6 
NHiF/AiF>'  NH,F,*SbFt- 

Solid  HF  loin  Solid HF  toln  A 

CH,F,a  Ir  Ra  Ra  Ir  Ra  Ra 


u'r~,n  Assignment  (point  group)4 
nr  toln  vu  r-  uc  - 


2963  mw 
2941  mw 

3014  2913  m 
2885  m 
2836  m 
2784  m 
2948  2657  s 
1508  1557  s 
1435  1474  s 
1178  1185  vw 
i < 1 1 1 073  m 
1 1065  m 

i non  i 038  s 1 
1090  1020  w) 
720  vwl 


2980  vw 
2935  w 
2890  mw 
2790  vs 
2696  w 

2637  ms 
1543  mi 
1487  ms 
1176  vw 


2V,  and 
y,  or  v,  + 
lattice  modes 

v.  (3.) 


v,  (A,) 
v,  (A,) 
v.  (B,) 
v,  (B.) 


Approx  description 
of  mode  • 


vm(XH,) 


v,ym(XH,) 

S^XH.) 

«W„(XH,) 

6irock^Hj) 


1073  sh  1 
1062(4.5)1 

1064  (2.7)  p 

1066  m 1 
1055  sh ) 

1062(2.3)1 
1052  (1)  1 

1062  m 

v,  (A,) 

v.ymfXF,) 

1041  (3.2) 

1039  (0.6)  dp 

1036  s 

1037  (1.9) 

1039  w 

v,  (B,) 

vM(XF.) 

705  vw  \ 
680  s ] 

v,  (F1U) 

VggflKF.) 

714  (9.6) 

674  (10) 

683  (10)  p 

652  m [ 
626  ms  > 
610  mwl 

671  (10)  i 
639  (8.4)  > 

650  vs 

v(  (Alg) 

“■ym  la  phase 
(MF.) 

569  (4.9) 

570  (0.5)  dp 

602  mw  ] 
S50  m / 

566  (1.9) 
539  (0.9) 

v,  (Eg) 

vaym  out  of  phase 

(MF.) 

533  (3.1) 

534  (0.8)  p 

528  s 

524  (1.3) 

*>«  (A,) 

6„i„(XFi) 

360  mi 
280  vs  ( 

v*  (F1U) 

6„<MF.) 

369  (7.0) 

366  (1.4)  dp 

276  (4.9) 

v,  (F jg) 

6»yn>(MF.) 

290  (1.1)  br) 

238  (0.4) 

Lattice  vibrations 

216(0+)  1 

103  (2.3) 

or  XH-  -FM  str 

528  532  m 533  (3.1)  534  (0.8)  p 528  s 524  (1.3)  v,  (A,)  S^iXh,) 

JitSI  S.”l  "IF-> 

369  wf  369<70>  366  (1.4) dp  276(4.9)  v,  (F„)  «,yln(MF.) 

300$  290  (1.1)  brl  238(0.4)  Lattice  vibrations 

216(0+)  1 103(2.3)  orXH-FMstr 

u Reference  29.  6 Uncorrected  Raman  intensities.  4 Assignments  for  the  anions  bands  are  made  for  octahedral  symmetry,  although  in  the 
solid  state  the  actual  symmetry  is  obviously  lower. 
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Figure  1.  Vibrational  spectra  of  NH,F,*AsF/.  Trace  A:  infrared 
spectrum  of  the  solid  as  a dry  powder  between  Csl  disks,  recorded 
at  - 1 96°.  Trace  8:  Raman  spectrum  of  the  solid  suspended  in 
HFat-70°.  Traces  C,  D,  and  E:  Raman  spectrum  of  an  HF 
solution,  recorded  at  25°  at  three  different  recorder  voltages. 

Traces  marked  by  an  asterisk  were  recorded  with  the  incident 
polarization  perpendicular.  P,  dp,  and  S indicate  polarized  and 
depolarized  bands  and  spectral  slit  width,  respectively.  For  the 
Raman  spectra,  the  4880-A  exciting  line  of  an  Ar  ion  later  was 
used,  the  sample  containers  being  Teflon-FBP  or  Kct-F  tubes. 

the  antisymmetric  NFj  stretch,  w (B:). 

Identification  of  ihe  NHs  modes  is  possible  from  the  infrared 


4M*  MM  MM  IBM  UN  MM  MM  >400  MM  1100  I0M  0M  4M  4M  MO  I 

assouMcv  (•»'*) 

Figure  2.  Vibrational  spectra  of  NH,F,*SbF4'.  Trace  A: 
infrared  spectrum;  bands  due  to  impurities  or  decomposition 
products  were  deleted.  Traces  B end  C Raman  spectra. 

Recording  conditions  were  identical  wi'  > those  of  Figure  I. 

Trace  C is  incomplete  owing  to  sudden  self-destruction  of  the 
ample  during  the  recording  of  the  spectrum. 

spectra  where  these  modes  are  expected  to  be  appreciably 
intense.  In  the  frequency  region  of  the  NHi  stretching  modes 
(2500-3500  cm  '),  NHiF^+SbFe  exhibits  two  medium  strong 
bands  at  2790  and  2637  cm  1 which  are  assigned,  by  analogy 
with  CHjFz,29  to  the  antisymmetric  and  the  symmetric  NH: 
stretch,  respectively,  (n  addition  to  these  bands,  several  weaker 
bands  were  observed,  some  of  which  can  be  attributed  to 
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combination  bands  (see  Table  II),  probably  in  Fermi  resonance 
with  v\  and  vs.  In  the  infrared  spectrum  of  NH2F2+AsF6", 
the  splitting  of  these  bands  is  even  more  pronounced.  Similar 
splittings  have  previously  been  observed29  for  the  CH2 
stretching  modes  of  isoelectronic  CH2F2.  The  assignment  of 
these  infrared  bands  to  the  NH2  stretching  modes  is  confirmed 
by  the  observation  of  a broad  Raman  band  of  very  low  in- 
tensity at  about  2800  cm-1  for  the  HF  solution  of  NH2F2+- 
AsFir. 

In  the  region  of  the  NH2  deformation  modes  (1700-1 100 
cm-1)  two  intense  sharp  infrared  bands  were  observed  at  about 
1550  and  1480  cm-1,  respectively.  Based  on  a comparison  of 
their  absolute  and  relative  frequencies  with  those  of  CH2F2,29 
SifhHah,34  and  GeFhHah,37  they  should  represent  the 
scissoring  and  the  wagging  deformations,  respectively,  of  the 
NH2  group.  Comparison  of  their  relative  intensities  with  those 
of  the  above  dihalohydrides  is  ambiguous.  Whereas  in  the 
infrared  spectrum  of  CH2F2  the  CH2  scissoring  mode  is  of  very 
low  intensity,  in  the  remaining  molecules  its  intensity  is  similar 
to  that  of  the  wagging  mode  and  very  high.  Assignment  of 
the  1550-  and  1480-cnr1  bands  of  NH2F2+  to  the  NH2 
wagging  and  the  rocking  modes,  respectively,  and  of  a weak 
infrared  feature  at  1655  cm-1  to  the  NH2  scissoring  mode 
would  result  in  an  unreasonably  high  frequency  for  the  rocking 
mode  and  in  a too  small  frequency  difference  between  the 
wagging  and  the  rocking  mode,  provided  that  the  NH2  modes 
in  NH2F2+  are  not  strongly  affected  by  NH— FM  bridging 
between  the  cations  and  the  anions.  Adopting  the  above 
assignment  of  1550  and  1480  cm-1  to  the  scissoring  and 
wagging  mode,  respectively,  we  still  have  to  locate  the  NH2 
rocking  mode.  By  comparison  with  the  other  XH2F2  molc- 
culcs,29-36-37  we  would  expect  this  mode  to  have  a frequency 
of  about  1200  cm-1.  The  infrared  spectra  of  the  NH2F2+  salts 
show  indeed  a weak  band  at  about  1180  cm-1  which  is  ten- 
tatively assigned  to  the  NH2  rocking  mode.  However,  its 
relative  infrared  intensity  is  unexpectedly  low.  An  alternate 
assignment  for  this  mode  exists  by  attributing  one  of  the  more 
intense  components  of  the  1050-cnr1  band  system  to  it. 
However,  this  alternative  seems  to  us  less  satisfactory  for  the 
following  reasons.  The  Raman  spectra  of  the  solids  show  the 
same  splittings.  Since  the  NH2  modes  are  of  very  low  intensity 
in  the  Raman  spectrum  (see  above),  these  bands  should  belong 
to  an  NF2  mode.  Furthermore,  by  comparison  with  the 
frequencies  of  the  scissoring  and  the  wagging  mode,  a fre- 
quency of  1070-1020  cm-1  for  the  NH2  rocking  mode  appears 
unreasonably  low. 

The  torsion  mode,  vs  ( A2),  should  only  be  Raman  active  and 
be  of  low  intensity.  This  explains  our  f?.:b,rJ  to  detect  this 
mode  for  NH2F2+. 

The  spectra  of  the  solid  salts  show,  in  addition  to  the 
splittings  frequently  observed1-31'33  35  for  MF«~  salts,  bands 
in  the  region  100-300  cm-'.  These  bands  were  not  observed 
for  the  Raman  spectrum  of  NH2F2+AsFs~  in  HF  solution  and 
are  rather  broad.  Therefore,  they  are  attributed  to  lattice 
inodes  or  cation-anion  interaction  through  XH—FM  bridges. 
Since  the  spectra  of  these  solids  were  recorded  at  temperatures 
where  the  lattice  is  likely  to  become  rigid,  *he  observed 
phenomena  are  not  surprising.  A more  detailed  discussion  of 
these  effects  has  previously  been  given  lor  OH3+  salts.1 

The  unknown  frequency  of  vs  (A2),  the  tentative  assignment 
for  the  NH2  deformation  inodes,  the  uncertainty  in  the  fre- 
quencies of  vt  (Bi)  and  vi  (A  1).  and  the  importance  of  the 
off-diagonal  terms  in  the  F matrix  of  the  CH2F2  general 
valence  force  field29  do  not  justify  a normal-coordinate  analysis 
for  NHaF2+  at  the  present  time. 

The  existence  of  1:1:1  adducts  between  NHF2,  HF,  and 
SbFs  or  AsFs  was  established  by  the  observed  materia! 


balances.  The  ionic  structures,  NH2F2+MF6',  were  established 
for  these  adducts  by  lH  and  l9F  NMR  and  vibrational 
spectroscopy.  Seven  or  -,ght  of  the  nine  fundamentals,  ex- 
pected for  a NH2F2+  cation  of  symmetry  C2v,  were  observed. 
The  nature  of  the  products,  resulting  from  the  decomposition 
of  these  adducts,  was  briefly  studied.  With  the  exception  of 
NHF3+,  all  of  the  fluoroammonium  ions  are  now  known. 
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On  the  PtF£  - XeOFg  Reaction  System 
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To  Professor  George  H.  Cady  on  his  70th  birthday 


Recently,  Holloway  and  Schrobllgen  reported  [1]  that  the  reaction 
between  KrF+  salts  and  XeOF^  does  not  produce  the  Xe0Fg+  cation,  as 
originally  claimed  by  Bartlett  and  coworkers  [2],  but  results  In  the 
formation  of  XeF5+  and  0g+  salts.  In  view  of  this  report  and  the 
Importance  of  PtFg  for  the  production  of  high  oxidation  state  compounds 
[3-0],  we  wish  to  communicate  results  on  the  PtF6  - Xe0F4  system  which 
show  a close  relationship  between  the  KrF+  - Xe0F4  [1]  and  the  PtFg  - 
Xe0F4  reaction  system. 

The  Interaction  between  PtFg  and  Xe0F4  was  studied  In  sapphire 
reactors.  When  PtFg  was  combined  with  XeOF4  at  -196°  and  the  mixture 
was  allowed  to  warm  to  25*,  reaction  occurred  on  melting  of  the  XeOF4. 

A dark  brown  solid  was  formed  and  Its  color  did  not  disappear  even 
after  keeping  the  mixture  at  25®  for  30  hours.  Cooling  of  the  mixture 
to  -196°  showed  the  presence  of  a noncondensible  gas  which  was  Identified 
by  mass  spectroscopy  as  0g.  Pumping  on  the  mixture  at  25°  for  24  hours 
resulted  In  a mixed,  canary  yellow-brown  solid.  The  ^’F  nmr  spectrum  of 
the  solid  dissolved  In  anhydrous  HF  consisted  at  ambient  temperature  of 
an  AB4  pattern  at  0 ■ -227  and  -107  ppm  with  Jpg  ■ 174  Hz,  characteristic 
of  XeF5+  [9,10].  However,  the  ^29Xe  satellites,  characteristic  for  xenon 
coaipounds,  were  not  observable.  This  may  be  due  to  the  presence  of 
paramagnetic  species,  such  as  0g+  or  PtF5.  No  signals  due  to  other  xenon 
fluorides  were  observed.  The  possibility  that  the  AB4  pattern  might  be 
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due  to  XSOF5  was  further  examined  by  recording  the  F nmr  spectrum  in  HF 

of  a mixture  of  the  solid  reaction  product  with  XeF5+AsFg".  Only  one 

AB4  set  of  narrow  line  width  signals  was  observed.  The  infrared 

spectrum  of  the  solid  as  an  AgCl  disk  showed,  in  addition  to  the  bands 

cnaracteristlc  for  PtFg'  [6,8]  ar.d  XeFg+  [10],  a band  of  medium  weak 

Intensity  at  939  cm*^  indicating  the  presence  of  some  XeOF3+  salts  [11,12]. 

The  presence  of  XeFg*  and  02+  salts  in  the  solid  product  was  confirmed 
by  carrying  out  a displacement  reaction  with  excess  FN03  at  -80  and  25°. 

The  volatile  displacement  products  consisted  of  03  (identified  by  mass 
spectroscopy)  and  XeFg  (identified  by  infrared  spectroscopy).  The  canary 
yellow  solid  residue  was  shown  by  infrared  spectroscopy  to  be  N02+PtFg*. 

When  an  about  tenfold  excess  of  XeOF^  was  used  for  the  PtFg-XeOF^ 
reaction  and  the  mixture  was  kept  at  -30°  for  several  hours  before  being 
stored  at  26°  for  four  weeks,  the  percentage  of  free  oxygen  evolved  had 
significantly  Increased  in  comparison  to  the  above  experiment.  Furthermore, 
if  the  volatile  products  were  removed  in  vacuo  at  0°,  the  weight  gain  of 
the  solid  product  roughly  corresponded  to  that  expected  for  a composition, 
such  as  Xe0F4-XeFjj+PtFg"  ♦ XeOFj^PtFg-.  Most  of  the  XeOF4  could  be  removed 
from  the  solid  by  prolonged  pumping  at  26°  and  was  Identified  by  Infrared 
spectroscopy. 

The  above  results  are  similar  to  those  found  for  the  KrF+  - XeOF4 
system,  i.e.  the  oxygen  In  XeOF4  is  substituted  by  fluorine  accompanied 
by  the  formation  of  some  02+  salts.  Furthermore,  the  solid  products  seem 
to  form  molecular  adducts  with  XeOF4  [1,11,13]  which  In  the  case  of 
XeF5+PtFg‘  are  of  only  marginal  stability  at  room  temperature.  The  material 
balances,  including  the  extent  of  oxygen  evolution,  are  rather  complex  and 
depend  on  the  exact  reaction  conditions.  The  possibility  cannot  be  ruled 
out  that  XeOFg*  is  formed  as  an  unstable  Intermediate,  which  readily  loses 
its  oxygen.  However,  the  stable  reaction  product  Is  a XeFs*  and  not  a 
XeOF5+  salt. 


We  are  Indebted  to  the  Office  of  Naval  Research,  Power  Branch,  for 
financial  support  and  to  Drs.  1.  R.  Grant  and  C.  J.  Schack  for  helpful 
discussions. 


328 


358 


1 J.  H.  Holloway  and  6.  J.  Schrobllgen,  J.C.S.  Chem.  Comm.,  (1975) 

623. 

2 0.  £.  McKee,  C.  J.  Adams,  A.  Zalkln,  and  N.  Bartlett,  J.C.S. 

Chem.  Comm.,  (1973)  26. 

3 N.  Bartlett,  Angew.  Chem.,  Int.  Ed.  Engl.,  7.  (1968)  433. 

4 F.  Q.  Roberto,  Inorg,,  Nucl.  Chem.  Lett.}  £ (1972)  737. 

5 K.  0.  Chrlste,  Inorg.  Nucl.  Chem.  Lett.,  8 (1972)  741. 

6 K.  0.  Chrlste,  Inorg.  Chem.,  12  (1973)  1580. 

7 K.  0.  Chrlste  and  R.  0.  Wilson,  Inorg.  Chem.,  12  (1973)  1356. 

8 K.  0.  Cnrlste,  R.  D.  Wilson  and  E.  C.  Curtis,  Inorg.  Cham.,  12. 

(1973)  1358. 

9 R.  J.  Gillespie  and  G.  j.  Schrobllgen,  Inorg.  Chem.,  1^  (1974)  765. 

10  K.  0.  Chrlste,  E.  C.  Curtis  and  R D.  Wilson,  J.  Inorg.  Nucl.  Chem., 

37  (1975)  1713. 

11  M.  C.  Waldnan  and  H.  Sellg,  J.  Inorg.  Nucl.  Chem.,  35  (1973)  2173. 

12,  0.  E.  McKee,  C.  J.  Adams  and  N.  Bartlett,  Inorg.  Chem.,  1£  (1973)  1722. 

13  N.  Bartlett  and  M.  Wechsberg,  Z.  Anorg.  Allgem.  Chem.,  385  (1971)  5. 


O 


329/330 


Reprinted  from: 

ADVANCES  IIS  INORGANIC  CHEMISTRY 
AND  RADIOCHEMISTRY,  VOl.  18 
© 1976 

ACADEMIC  PRESS,  INC 
New  York  San  Franckce  leads* 

CHLORINE  OXYFLUORIDES 

K.  0,  CHRISTE  and  C.  J.  SCHACK 

Rockttdyrx,  Dlvitlon  of  Rockwtll  Intsrnstlonsl,  Canogt  Part,  California 


I.  Introduction  ..........  310 

II.  General  Aspects 321 

A.  Geometry  ..........  322 

B.  Ligand  Distribution  ........  323 

C.  Relative  Bond  Strengths  ........  323 

D.  Amphoteric  Nature.  Tendency  to  Form  Adducts,  and  Reactivity  . 327 

III.  Specific  Compounds  . . . . . . . . 328 

A.  Chlorine  Monofluoride  Oxide  .......  328 

B.  Chlorine  Trifluoride  Oxide  . . . . . . 331 

C.  Difluorooxychloronium(V)  Cation  ......  340 

D.  Tetrafluorooxyehlorate(V)  Anion  . . . . . . 343 

E.  Chlorine  Pentafluoride  Oxide  . . . . . . . 346 

F.  Chloryl  Fluoride  .........  347 

. O.  Chloryl  Cation  . . . . . . . . . 366 

H.  Difluorochlorate(V)  Anion  . . . . ...  . 369 

I.  Chlorine  Trifluoride  Dioxide  . . . . . . • . 361 

J.  Difluoroperchloryl  Cation  .......  367 

K.  Perchloryl  Fluoride  . . . . . . . .371 

L.  Chlorine  Fluoride  Oxide  Radicals  ......  386 

M.  Miscellaneous  .........  386 

IV.  Appendix : Tables  of  Thermodynamic  Properties  for  Some  Cldorine 

Oxyfluorides  ..........  386 

References  ...........  390 


I.  Introduction 

This  review  is  limited  to  compounds  containing  both  oxygen  and 
fluorine  atoms  bonded  directly  to  a common  ohlorine  central  atom. 
Therefore,  compounds,  such  as  fluorine  perchlorate  (0SC10F),  have  not 
been  included.  Data  on  OjClOF  were  summarized  in  a recent  review  on 
inorganic  hypofluorites  (180). 

The  subject  of  chlorine  oxyfluorides*  has  been  reviewed  in  1963  by 
Schmeisser  and  Bran  die  (253)  and  in  1969  in  “Gmelin’s  Handbuch  der 

* For  the  sake  of  clarity,  we  have  not  followed  a rigid  system  of  nomenclature, 
such  as  starting  formulas  with  the  central  atom  followed  by  the  ligands.  If,  for 
example,  FCIO  is  written  as  C10F,  an  uninformed  reader  might  be  induced  to  think 
of  the  compound  as  a hypofluorite. 
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Anorganischen  Chemie”  (122).  However,  both  reviews  deal  only  with 
chloryl  fluoride  (FC102)  and  perchloryl  fluoride  (FC10S).  Since  the  writing 
of  these  reviews,  three  of  the  four  possible  remaining  chlorine  oxy  fluorides 
i.e.,  FCIO,  FSC10,  and  FSC102,  have  been  characterized,  and  claims 
have  been  made  for  the  synthesis  of  the  fourth  one,  C1F50.  Additional 
information  on  chlorine  oxyfluorides  can  be  found  in  various  monographs 
and  textbooks  (32,  75,  77,  95,  156,  169,  244)  and  in  particular  in 
“Comprehensive  Inorganic  Chemistry”  in  the  chapter  on  the  halogens 
written  by  Downs  and  Adams  (84).  A second  area  of  significant  recent 
progress  comprises  ions  derived  from  chlorine  oxyfluorides.  Therefore, 
these  are  also  discussed  in  detail. 

For  the  present  review,  the  literature  cited  in  Chemical  Abstracts 
(Jan.  1965-Dec.  1973)  was  used  in  addition  to  more  recent  work  pub- 
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lished  during  1973  and  1974.  For  literature  before  1965,  we  have  relied 
mainly  on  Schmeisser’s  review  (253)  and  Gmelin's  handbook  (122), 

In  addition  to  a discussion  of  the  individual  compounds,  a section 
was  added  correlating  the  physical  and  chemical  properties  of  the 
chlorine  oxyfluorides  with  their  structure.  In  the  Appendix,  full  tables  of 
thermodynamic  properties  are  given  for  each  compound,  where  known. 


II.  General  Aspects 

Since  most  of  the  physical  and  chemical  properties  of  the  chlorine 
oxyfluorides  can  be  readily  correlated  with  their  molecular  structure, 
we  shall  discuss  briefly  some  of  the  more  general  aspects. 
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A.  Geometry 

As  can  be  seen  from  Fig.  1,  the  structures  of  all  the  chlorine 
oxyfluoride  molecules  and  ions  can  be  derived  from  those  of  the  corres- 
ponding binary  chlorine  fluorides  (53)  by  replacing  a free  chlorine  valence 
electron  pair  by  a doubly  bonded  oxygen  atom  without  significant 
rearrangement  of  the  rest  of  the  molecule. 

The  only  possible  exception  to  this  rule  could  be  the  yet  unknown 
(68)  ClF4Ot~  anion.  By  comparison  with  the  known  structures  of  the 
pseudoisoelectronic  IF402”  (45,  93)  and  TeF402t-  (260)  anions,  the  2 
oxygens  in  C1F402~  should  also  be  in  cis  and  not  in  trans  position.  In  these 
and  similar  oxyfluoride  anions,  such  as  SF50~  (65)  or  CFsO~  (59),  the 
negative  charge  is  located  mr  ’y  on  the  most  electronegative  ligands, 
i.e.,  fluorine.  Furthermore,  in  pseudo-octahedral  species  not  eontaining 
a free  valence  electron  pair  on  the  central  atom,  such  as  XF50-,  the 
fluorine  trans  to  the  less  electronegative  ligand  appears  to  be  more  weakly 
bonded  than  the  remaining  fluorines.  This  is  plausible  from  molecular 
orbital  arguments.  Therefore,  for  XF40>2~  the  structure  with  2 oxygen 
atoms  trans  to  2 fluorines  and  cis  with  respect  to  each  other,  should  favor 
the  resonance  structures  having  the  negative  charge  located  on  the 
fluorine  ligands. 

Since  the  degree  of  mutual  repulsion  decreases  in  the  order,  free 
valenoe  electron  pair  > double-bonded  oxygen  > fluorine,  the  observed 
bond  angles  deviate  somewhat  from  those  expected  for  the  ideal  geom- 
etries. Typical  examples  are  FC10*  and  FC10,  (Fig.  1). 

The  structure  of  radicals  and  radical  ions  can  also  ren.  <ily  be  predicted 
by  treating  an  unpaired  electron  in  the  same  manner  as  a free  valence 
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Fio.  2.  Structure*  of  the  yet  unknown  CIF*0+,  C1F40,  and  ClFjO-  radical* 
(upper  row)  predicted  by  companion  with  the  knowr.  structures  (bottom  row)  of 
C1F*0  and  C1F40-. 
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electron  pair.  Therefore,  a chlorine  oxyfiuoride  free  radical  should  have 
the  same  geometry  as  the  corresponding  anion  with  identical  fluorine 
and  oxygen  ligands  (Fig.  2).  Similarly,  the  structure  of  a radical  cation 
should  be  analogous  to  that  of  the  corresponding  molecule  having  the 
same  ligands.  For  a radical  anion,  however,  the  additional  sterically 
active  valence  electron  will  increase  the  coordination  number  around  the 
central  atom  by  1 . This  should  result  in  a geometry  resembling  that  of  the 
anion  containing  one  F ligand  more,  but  in  which  one  F ligand  is  replaced 
by  the  sterically  active  free  electron.  The  exact  spin  distribution  would 
have  to  be  determined  experimentally  and  is  not  necessarily  th  3 same  as 
shown  in  Fig.  2. 

B.  Ligand  Distribution 

As  can  be  seen  from  Fig.  1,  the  structures  are  simple  and  can  be 
logically  predicted  if  one  keeps  in  mind  that  free  valence  electron  pairs 
on  the  central  atom  are  sterically  active  and  behave  as  a ligand.  For 
3,  4,  6,  and  6 ligands,  always  the  sterically  most  favorable  arrangements 
are  observed,  namely,  the  triangular  plane,  tetrahedron,  trigonal 
bipyramid,  and  the  octahedron,  respectively  (119).  Based  on  the  inform- 
ation available  for  halogen  oxyfluorides  and  related  compounds  such  as 
xenon  or  ohalcogen  oxyfluorides  the  following  conclusions  concerning 
the  ligand  distribution  can  be  reached.  In  a triangular  plane  and  a 
tetrahedron  all  positions  are  equivalent.  In  a trigonal  bipyramid  the 
two  axial  positions  are  occupied  by  the  most  electronegative  ligands,  i.e., 
F atoms.  In  octahedrons  of  the  type  XFSA  only  one  arrangement  is 
possible.  For  XF4AB,  however,  the  A or  B ligands  are  trans  if  A and  B 
are  either  two  free  electron  pairs  or  one  free  electron  pair  and  one  oxygen 
ligand.  When  A and  B are  2 O atoms,  the  cis  arrangement  appears  more 
favorable  (see  above).  The  case  of  the  pentagonal  bipyramid  is  not  of 
practical  interest  since  it  appears  that  the  coordination  number  around 
a high  oxidation  state,  chlorine  centra]  atom  is  limited  to  a maximum 
of  0. 

C.  Relative  Bond  Strengths 

Unfortunately,  exact  bond  lengths  are  known  only  for  FClOt  (220) 
and  FCIO,  (72).  However,  oomplete  vibrational  spectra  have  been 
published  for  essentially  all  of  the  chlorine  oxyfluorides.  These  can  be 
used  for  the  evaluation  of  the  corresponding  force  constants.  Since  the 
latter  are  a good  measure  for  the  relative  strengths  of  these  bonds,  their 
comparison  is  interesting.  As  can  be  seen  from  Table  I,  the  CIO  bondc  all 
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TABLE  I 

Stretching  Force  Constants  or  Some  Chlorine  Oxykluorides 


Oxidation 

state 

Compound 

/cio 

(mdyn/A) 

/of  (mdyn/A > 

Ref. 

I* 

IP 

UP 

+VII 

ClFiO*+ 

12.1 

4.46 





(69) 

+v 

C1FS0+ 

11.20 

3.44 

— 

— 

(58) 

+VII 

FClOj 

0.4 

3.9 

— 

— 

(174) 

+v 

ClFjO 

9.37 

3.16 

2.34 

— 

(55) 

+VII 

ClFjOa 

9.23 

3.35 

2.70 

— 

(57) 

+v 

CIF4O- 

9.13 

— 

1.79 

— 

(56) 

+v 

FCIO, 

9.07 

— 

— 

2.5 

(270) 

+v 

C10»+ 

8.96 

— 

— 

— 

(66) 

+v 

ClFsO*- 

8.3 

— 

1.6 

— 

(54) 

•till 

FCIO 

6.85 

*— 

— 

2.59 

(5) 

« Mainly  covalent  bonds. 

* Mainly  semi-ionic  3c— <e  bonds 
« Special  cose  of  highly  polar  (p — n*)a  bonds. 


possess  more  or  less  double-bond  character.  The  variation  in  the  values 
of  the  ClO-stretching  force  constants  is  mainly  due  to  the  combination 
of  several  effects.  For  example,  a formal  positive  charge  (i.e.,  in  cations), 
a high  oxidation  state  of  the  central  atom,  and  a high  number  of  fluorine 
ligands  tend  to  increase  the  ClO-stretching  force  constant  (57').  In 
contrast  to  the  CIO  bonds,  the  C1F  bond  strengths  are  subject  to  much 
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Fio.  3.  Schematic  bonding  in  ClFt"  as  explained  by  a semi-ionic  3c-4e  bond 
model. 
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larger  changes.  These  strong  variations  cannot  be  explained  by  effects 
such  as  listed  above  for  the  CIO  bonds  or  by  the  Gillespie-Nyholm 
valence  shell,  electron  pair  repulsion  (VSEPR)  theory  (119)  alone.  By 
analogy  with  the  halogen  fluorides  (53),  it  is  necessary  to  assume  con- 
tributions from  two  different  kinds  of  bonding.  In  addition  to  the  normal 
covalent  bonds  possessing  a bond  order  of  about  1,  the  occurrence  of 
semi-ionic  3 oenter-4  electron  bonds  (130,  232,  243)  must  be  invoked. 
The  principle  of  a semi-ionic  3c-4e  bond  is  demonstrated  in  Fig.  3.  For 
simplicity,  C1F2-  (63)  was  chosen  as  an  example.  Ideally,  the  two  F 
ligands  form  two  semi-ionic  3o— 4e  [p — p]  o-bonds  with  one  p electron 
pair  of  the  chlorine  central  atom,  whereas  the  free  Cl  valence  electron 
pairs  form  an  sp*  hybrid. 

Instead  of  using  this  semiempirical  molecular  orbital  model,  the 
bonding  in  C1F*-  can  also  adequately  be  described  in  the  valence-bond 
representation  (76)  as  a resonance  hybrid  of  the  following  canonical 
forms : (F — Cl)  F~  and  F“(C1 — F).  This  results  in  the  same  average  charge 
distribution  as  in  the  molecular  orbital  model,  i.e.,  _1/2F-C1-F-1/*. 
Another  and  the  simplest  bond  model,  proposed  by  Bilham  and  Linnett 
(29)  for  XeF2  which  is  pseudoisoelectronic  with  C1F*“,  assumes  single 
electron  bonds  for  each  X — F bond.  It  is  relatively  immaterial,  which  of 
these  three  descriptions  is  preferred  since  all  of  them  result  in  the  same 
charge  distribution  and  a Cl — F bond  order  of  about  0.5. 

As  can  be  seen  from  Table  I,  these  weak  OIF  bonds  occur  only  when 
the  central  atom  has  a coordination  number  in  excess  of  4 and  possesses 
at  least  one  free  Cl  valence  electron  pair.  In  addition  to  Gillespie’s  simple 
VSEPR  theory,  the  following  general  rule  has  been  proposed  by  Christe 
(53),  which  permits  the  prediction  of  whether,  and  how  many,  semi-ionic 
bonds  are  to  be  formed : 

The  free  valence  electron  pairs  on  the  central  atom  seek  high  ^-character; 
i.e.,  sp"  hybridization.  If  the  number  of  ligands  is  larger  than  4 and  one  or 
more  of  them  are  free  valence  electron  pairs,  then  as  many  F ligands  form  linear 
semi -ionic  3 center-4  electron  bonds  as  are  required  to  allow  the  free  electron 
pairs  to  form  an  sp"  hybrid  with  the  remaining  F ligands.  These  semi-ionic 
3c-4e  bonds  are  considerably  weaker  and  longer  than  the  mainly  "covalent”  sp* 
hybrid  bonds. 

This  rule  also  holds  for  the  chlorine  oxyfluorides  as  well  as  for  the 
chlorine  fluorides  for  which  it  was  originally  formulated. 

An  additional  effect,  however,  must  be  invoked  to  be  able  to  ration- 
alise fully  the  experimental  data.  Inspection  of  Table  I reveals  that  the 
ClF-atretching  force  constants  of  FC10X  and  FC10  are  significantly  lower 
than  expected  from  the  above  discussion.  In  particular,  if  the  known 
CLF-stretching  foroe  constants  and  bond  distances  within  the  pseudo- 
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TABLE  II 

Comparison  op  C!F*Stretching  Force  Constants 
and  Bond  Lengths  Within  the  Pseudotetrahedrai, 
Series  FC1,  FC10,  FC102,  FClOa 


Molocule 

/ciF 

(mdyn/A) 

rciF 

(A) 

Ref. 

FC1 

4.56 

1.628 

(122)  (122) 

FCIO 

2.59 

— 

(5)  - 

FClOa 

2.5 

1.697 

(270)  (220) 

FClOa 

3.9 

1.610 

(174)  (72) 

tetrahedral  series  FC1,  FCIO,  FC102,  FC103  are  compared  (see  Fig.  1 and 
Table  II),  it  becomes  obvious  that  the  C1F  bonds  in  FCIO  and  FC102  are 
abnormally  long  and  weak.  Application  of  the  rules  discussed  above  is  of 
no  help  in  explaining  the  observed  trends.  However,  if  a simple  molecular 
orbital  description,  similar  to  that  proposed  by  Sprat.ley  and  Pimentel 
(274)  for  FNO  and  F202,  is  used,  the  data  can  be  rationalized.  Molecules 
FC1,  FCIO,  FC102,  and  FC103  can  be  thought  of  as  being  derived  from 
the  combination  of  an  F atom  with  the  Cl,  CIO,  C102,  and  C103  radicals, 
respectively.  This  hypothetical  bond  formation  involves  a 2p  electron 
of  the  fluorine  atom  and  the  unpaired  electron  of  the  Cl-containing 
radical.  If  according  to  the  example  of  (NO)2and  (CN)2,  given  by  Spratley 
and  Pimentel  (274),  the  unpaired  electron  occupies  an  antibonding  (n*) 
orbital,  the  resulting  bond  is  very  weak.  On  the  other  hand,  if  the  un- 
paired electron  occupies  a bonding  orbital  the  resulting  bond  is  strong. 
Since  the  unpaired  electron  in  Cl  and  C10s  occupies  a bonding  orbital,  the 
resulting  Cl — F bond  in  FC1  and  FC10S,  respectively,  should  be  strong, 
whereas  those  in  FCIO  and  FC102,  derived  from  CIO  and  C102,  respec- 
tively, with  an  antibonding  (n*)  electron  (193),  should  be  weak.  These 
predictions  are  in  excellent  agreement  with  the  data  of  Table  II.  As  a 
consequence  of  the  high  electronegativity  of  fluorine,  most  of  the  electron 
density  in  the  antibonding  (w*)  orbital  of  CIO  or  C102  is  transferred  to  the 
F atom.  For  FCIO  and  FC102,  this  results  in  a long  and  highly  polar  C1F 
bond  with  a significant  negative  charge  located  on  F.  Since  at  the  same 
time  electron  density  is  removed  from  an  antibonding  orbital  of  the  CIO* 
part  of  the  molecule,  the  bond  strength  of  these  CIO  bonds  is  increased. 
As  pointed  out  by  Chi  and  Andrews  (47)  for  C1C10,  there  is  a marked 
difference  in  behavior  between  radicals  with  a first-row  element  central 
atom  end  those  with  a second-row  element  central  atom.  Owing  to  their 
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larger  size  and  polarizability,  the  second-row  elements  facilitate  a 
charge  transfer  and  the  XY„  stretching  frequencies  usually  increase 
upon  combination  of  XY„  with  a halogen  radical.  For  first-row  element 
central  atoms,  the  corresponding  frequencies  usually  show  a slight 

decrease.  It  should  be  pointed  out,  however,  that  in  both  cases  a highly 

»-  i* 

polar  and  weak  bond  of  the  type  F — XYn  results,  provided  the  unpaired 
electron  in  the  XY„  parent  radical  occupies  an  antibonding  orbital. 
Supporting  evidence  for  the  above  postulated  charge  transfer  from  XY„ 
to  F was  recently  given  by  Parent  and  Gerry  (220)  for  FC102. 

In  summary,  three  types  of  bonding  are  invoked  to  rationalize  the 
remarkable  differences  in  Cl — F bonds  encountered  for  chlorine  fluoride 
oxides.  These  are  (a)  conventional,  mainly  covalent  bonds,  (6)  weak 
semi-ionic  3 center-4  electron  bonds,  and  (c)  weak  highly  polar  (p — rr*)~  < 
bonds.  It  must  be  kept  in  mind,  however,  that  all  these  bond  descriptions 
are  idealized  extremes,  used  mainly  for  didactic  reasons.  The  actual 
bonds  may  contain  significant  contributions  from  more  than  one  kind  of 
bonding  and,  as  a consequence,  there  is  little  black  and  white,  but  many 
shades  of  gray.  Obviously,  other  bond  models  can  also  be  used,  so  long  as 
they  adequately  account  for  the  experimental  data.  The  steady  increase 
in  our  knowledge  about  these  compounds  is  bound  to  result  in  significant 
improvements  of  these  rather  empirical  and  intuitive  bond  models. 


D.  Amphoteric  Nature,  Tendency  to  Form  Adducts,  and 

Reactivity 

In  many  respects  the  chlorine  oxyfluorides  resemble  the  chlorine 
fluorides.  For  example,  they  exhibit  little  or  no  self-ionization,  but  are 
amphoteric.  With  strong  Lewis  acids  or  bases  they  can  form  stable 
adducts.  The  tendency  to  form  adducts  was  found  (64)  not  to  be  so  much 
a function  of  the  relative  acidity  of  the  parent  chlorine  oxyfluoride  but 
rather  to  depend  on  the  structure  of  the  amphoteric  molecule  and  of  that 
of  the  anion  or  the  cation  formed.  The  preferred  structures  are  the  ener- 
getically favored  tetrahedron  and  octahedron.  Consequently,  a trigonal 
bipyramidal  molecule,  such  as  CIFjO  (64),  exhibits  a pronounced 
tendency  to  form  either  a stable  pseudotetrahedral  cation  or  a pseudo- 
octahedral  anion : 
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On  thw  other  hand,  tetrahedral  FC10a  does  not  form  an  adduct  with 
either  Tewis  acids  or  bases  (167,  209,  224) : 


F 

I. 

o==ci: 

I 

F 


,o 

O 


Similarly,  the  chemical  reactivity  of  these  two  chlorine  oxyfluorides 
differs  vastly : whereas  C1F30  is  extremely  reactive  and  cannot  be  handled 
even  in  a v/ell-dried  glass  vacuum  system,  FC10S  reacts  only  slowly 
with  water. 


111.  Specific  Compounds 
A.  Chlorine  Monofluoride  Oxide 

According  to  Ruff  and  Krug  (242),  FCIO  is  formed  during  hydrolysis 
of  C1F,  as  a solid  melting  at  — 70°C  to  a red  liquid  which  is  unstable  in  the 
gas  phase.  However,  no  conclusive  proof  for  the  existence  of  FCIO  was 
given,  and  it  appears  that  the  red  color  observed  may  have  been  due  to 
the  presence  of  chlorine  oxides.  Heras  and  co-workers  (137)  have  pro- 
posed the  formation  of  FCIO  as  an  intermediate  in  the  thermal  decom- 
position of  FClOj.  More  recent  studies  by  Bougon  and  co-workers  on  the 
hydrolysis  of  C1FS  (9,  36),  by  Christe  on  the  reaction  of  C1FS  with 
HONOs  (51)  and  on  the  reaction  of  C1FS0  with  SF4  (60),  by  Pilipovich 
et  al.  on  the  photochemical  synthesis  of  C1FS0  (228),  and  by  Schack  ei  al. 
on  the  reaction  chemistry  of  C1FS0  (246)  all  point  to  the  formation  of 
FCIO  as  an  intermediate  that  is  unstable  with  respect  to  disproportiona- 
tion : 

JFCIO ► FClOi  + GIF 

Attempts  to  stabilize  the  FCIO  formed  as  an  intermediate  by  complexing 
with  a strong  Lewis  acid,  such  as  AsF6  to  give  C10+AsF6~,  were  also 
unsuccessful.  Thus  the  controlled  hydrolysis  of  GIF 2+AsF 0~  with 
stoichiometric  amounts  of  H20  in  HF  solution  resulted  only  in  the 
formation  of  Ci02+AsF8_  (51).  This  is  not  surprising  since  Lewis  acids 
are  known  to  catalyze  such  disproportionation  reactions. 

Recently,  Cooper  and  co-workers  (74)  succeeded  in  obtaining  direct 
evidence  for  the  existence  of  free  FCIO  in  the  gas  phase.  During  a study  of 
the  hydrolysis  of  excess  C1F*  in  a flow  reactor,  a novel  species  was  ob- 
served in  the  infrared  spectrum  showing  a PQR  band  centered  at  1032 
cm-1.  The  species  causing  this  band  was  found  to  decompose  at  ambient 
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Observed  and  Calculated  Frequencies 
roa  the  FC10  Specie** 


Isotope 

Obsd. 

Assignment  (cm-1) 

Calcd. 

(cm-1) 

F«C1»«0 

VI 

1038.0 

1038.3 

Vt 

583.fi 

593.0 

V» 

315.2 

318.0 

F»’C1»*0 

Vi 

1020.0 

1028.9 

Vt 

fi87.fi 

588.4 

Vt 

315.2 

313.8 

F^CFHD 

VI 

009.2 

990.6 

vt 

593.5 

502.8 

Vt 

307.0 

308.3 

F17C!**0 

VI 

090.1 

080.6 

Vt 

687.5 

587.1 

Vt 

307.0 

306.2 

* Data  from  Andrew*  el  cU.  (6). 


temperature  with  a half-life  of  about  25  sec  into  FCIO*  and  C1F.  If  an 
excess  of  H*0  was  used  in  the  hydrolysis,  no  FC10  but  the  expected 
(9,  36)  CIO*  was  observed  as  the  main  product. 

The  results  of  Cooper  et  al.  were  confirmed  by  a matrix  isolation  study 
by  Andrews  and  associates  (5).  The  latter  authors  observed  the  same 
species  during  the  photolysis  (2200-3600  A)  of  argon  matrix-isolated 
C1F  and  O*  in  the  temperature  range  4°-15°K.  All  three  fundamentals 
expected  for  a bent  FCIO  molecule  were  observed,  and  their  assignment 
to  FCIO  was  confirmed  by  the  measurement  of  the  180  and  ,7Q  isotopic 


TABLE  IV 

Force  Field  or  FCIO  Amur  in  o ▲ Bond 
Angle  or  120°  and  All  Interaction 
Constants  to  *s  Zero* 


fcto  ■ 6.85  mdyn/A 
fen  ” 2.60  mdyn/A 
/,  m 0.02  mdyn  A/rad1 


• Data  from  Andrew*  ti  al.  (6). 
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shifts  (Table  III)  and  by  force  field  computations  (Table  IV).  For  the 
foroe  field  computation,  an  FCIO  bond  angle  of  120°  was  assumed. 
However,  on  the  basis  of  the  increased  repulsion  from  the  chlorine  free 
valenoe  electron  pairs  (see  Section  II,  A),  we  would  expect  this  angle  to 
be  less  than  the  tetrahedral  angle  of  109°,  but  larger  than  that  found 
for  C1F1+  [103.17°  in  C1F*+AsF4-  (181)  and  95.9°  in  C1F2+  SbF<f  (88)]. 
The  small  size  of  the  molecule,  its  high  dipole  moment,  the  naturally 
occurring  *7C1  isotope,  and  its  half-life  at  ambient  temperature  make  it 
ideally  suited  for  a structure  determination  by  microwave  spectroscopy 
in  a flow  syotem. 

The  force  field  reported  (5)  for  FCIO  allows  some  conclusions  concern- 
ing the  strength  of  the  bonds  in  this  molecule.  Comparison  of  the  DIG- 
stretchir  g force  constant  of  FCIO  with  those  of  the  higher  oxidation 
state  species  listed  in  Table  I makes  the  FCIO  value  appear  surprisingly 
low.  However,  when  compared  to  species  of  similar  oxidation  state  and 


TABLE  V 

Comparison  ok  the  CIO-Stretchtng  Force 
Constants  and  Bond  Orders  or  FCIO  with 
Those  of  Related  Pbeudotetrahewral  Species 
Ha  vino  a Comparable  Oxidation  State 


Species 

Oxidation 

state 

fc  lO 

(indyn/A) 

Bond 

order 

Ref. 

CIO," 

•fin 

4.26 

1.6 

(266) 

FCIO 

+HI 

6.86 

2 

(5) 

CIO* 

+1V 

7.02 

2 

(161) 

geometry  (Table  V),  FCIO  exhibits  a value  very  much  in  line  with  our 
expectations  for  a CIO  double  bond.  The  C1F  bond  is  relatively  weak, 

'tf'  lci  + 

V LFJ‘ 

a)  <n> 

indicating  that  contributions  from  resonance  structures,  such  as  II,  are 
significant  as  is  also  the  case  in  the  related  FClOj  molecule.  The  high 
ionioity  of  the  Cl — F bond  in  these  two  chlorine  fluoride  oxides  has  been 
discussed  above  (Section  II,  C)  in  terms  of  a (p — rr*)cr  bond. 
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B.  Chlorine  Trifluoride  Oxide 

Chlorine  trifluoride  oxide, 

F 

I- 

F 

(HI) 

was  discovered  in  1065  at  Rocketdyne  by  Pilipovich  et  al.  (226,  231). 
However,  these  results  were  not  published  until  1972  owing  to  classifi- 
cation. The  same  compound  was  independently  discovered  in  1070  by 
Bougon  and  co-workers  (37,  39).  A minor  modification  of  Bougon’s 
synthesis  by  Ziichner  and  Glemser  also  produced  (300)  C1F,0.  All  the 
data  on  C1F,0,  except  for  the  short  note  by  Ziichner  et  al.,  were  obtained 
either  at  Rocketdyne  or  at  the  Centre  d'Etudes  Nucldaires  de  Saclay. 

Owing  to  its  pseudotrigonal  bipyramidal  structure  with  two  highly 
polar  Cl — F bonds,  C1F»0  possesses  only  low  kinetic  stability.  This 
renders  it  a powerful  fluorinating  and  oxygenating  agent  requiring  the 
use  of  metal  or  Teflon  or  Kel-F  equipment  for  its  handling. 

1.  Synthesis 

Several  synthetic  routes  to  C1F,0  were  developed  at  Rocketdyne 
(226,  228-231,  240).  One  of  these  involves  the  fiuorination  of  ClzO  at 
-78°C: 

2F*  + C1»0  ► C1F»0  + C1F 

3F,  + CI,0  C1F,0  + C1F, 

When  no  catalyst  is  used  or  if  KF  and  NaF  are  present  as  catalysts,  C1F 
is  the  main  by-product.  When  the  more  basic  alkali  metal  fluorides, 
RbF  and  CsF,  are  used,  ClFj  is  the  favored  coproduct.  The  formation 
of  ClFj  rather  than  C1F  is  presumably  associated  with  the  more  ready 
formation  of  ClFt~  infcermedie.tes  with  RbF  and  CsF.  Yields  of  C1F,0 
from  ClzO  are  rather  variable  and  may  be  affected  by  the  particular 
alkali  fluoride  present.  Yields  of  over  40%  have  been  consistently  ob- 
tained and  have  reached  over  80%  using  either  NaF  or  CsF.  Since  NaF 
does  not  form  an  adduct  with  ClFtO  (64),  stabilization  of  thj  product  by 
complex  formation  does  not  seem  to  influence  the  C1F,0  yields  strongly. 

Owing  to  unpredictable  explosions  experienced  with  liquid  dtO, 
attempts  were  made  to  circumvent  the  ClzO  isolation  step.  For  this 
purpoee,  the  crude  C1*0,  still  absorbed  on  the  mercuric  salts,  was  directly 
fluorinated.  Again,  ClFtO  was  formed,  but  its  yield  was  too  low  to  make 
this  synthetic  route  attractive. 
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The  fluorination  of  solid  C120  to  C1FS0  proceeded  at  temoeraturea 
as  low  as  — 1 96°C  provided  the  fluorine  was  suitably  activated  by  methods 
such  as  glow  discharge.  Unactivated  fluorine  did  not  interact  with  C120 
at— 196°C.  The  relatively  low  yield  ofClFsO  (1-2%)  makes  this  modifica- 
tion impractical. 

The  low-temperature  fluorination  of  NaClG2  produced  C1FS0  in 
low  yield  (175,  226).  However,  the  low  yields  and  poor  reproducibility 
make  this  route  unattractive. 

The  method  (176,  226,  229)  most  suitable  the  preparation  of 
ClFgO  on  a larger  scale  involves  the  fluorinatio.r.  .).(  chlorine  nitrate  at 
— 35°C  according  to : 

2Ft  + ClONOj  *.  ClFlO  + FNOi 

The  main  advantages  of  this  process  are  (a)  less  fluorine  is  required  than 
in  the  fluorination  reactions  of  C120  yielding  G1FS  as  a coproduct, 
(b)  the  great  difference  in  the  volatilities  of  products  FN02  and  C1F30 
(JTbp  ~ 100°C)  permits  an  easy  separation  by  fractional  condensation, 
and  (c)  chlorine  nitrate  can  be  made  more  conveniently  and,  most 
importantly,  does  not  appear  to  be  hazardous  in  its  handling.  Yields  of 
ClFjO  using  C10N02  as  a starting  material  are  Bomewhat  higher  than 
those  from  C120. 

In  the  fluorination  of  both  C120  and  C10N02,  side  reactions  compete 
with  the  actual  fluorination  step.  These  are  caused  by  thermal  decom- 
position of  the  starting  materials  due  to  inefficient  removal  of  the  heat  of 
reaction.  Hence,  the  rate  of  the  competing  reactions  is  markedly  affected 
by  the  reaction  temperature.  At  reaction  temperatures  near  or  above 
ambient,  the  decomposition  of  the  hypochlorite  appears  to  be  favored 
and  little  or  no  C1FS0  is  formed,  resulting  in  rapid,  rather  uncontrolled 
reactions.  Apparently,  thermal  decomposition  preceding  the  fluorination 
step  yields  only  intermediates  incapable  of  producing  C1FS0.  Thus,  in 
order  to  maximize  the  desired  fluorination  reaction,  long  reaction  times 
at  low  temperature  (T  < 0°C)  are  indicated. 

A convenient  laboratory  method  for  the  synthesis  of  C1FS0  involves 
UV  photolysis  of  systems  containing  Cl,  F,  and  oxygen  starting  materials. 
At  Rocketdyne  (228,  230,  240),  ClFjO  was  prepared  from  seven  different 
systems,  including  a direct  synthesis  from  the  elements  Cl2,  F2,  and  02. 
Bougon  tt  al.  (37,  39)  obtained  C1F»0  in  high  yield  from  C1F,  -f  OFt. 
The  latter  synthesis  was  modified  by  Zuchner  el  al.  (300)  by  replacing 
ClFj  with  ClFj. 

In  small-scale  operations,  ClFjO  can  conveniently  be  purified  by 
oomplexing  it  with  KF  at  room  temperature.  Impurities,  such  as  FC10t, 
that  do  not  form  an  adduct  under  these  conditions  can  be  pumped  off. 
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Flo.  4.  Chlorine  trifluoride  oxide  formed  as  a function  of  time  and  oxygen 
partial  preMure  (Pcir,  “ 10  torr). 


Pure  ClFgO  can  be  obtained  by  vacuum  pyrolysis  at  50°  to  70°C,  whereas 
compounds,  such  as  CIFj,  which  form  a more  stable  KF  adduot  remain 
complexed  (226). 

A detailed  kinetic  study  of  the  photolyses  of  the  C1F» — 02  and  of  the 
Clt — F* — 02  systems  was  carried  out  by  Axworthy  el  al.  (10).  Contrary 
to  the  original  report  (228),  the  rate  of  C1FS0  formation  was  demonstrated 
to  be  the  same  for  both  systems,  to  increase  with  Ot  concentration,  and 
to  be  independent  of  irradiation  time  (Fig.  4).  Furthermore,  the  rate  of 
CIFjO  formation  was  shown  to  be  proportional  to  the  intensity  of  the 
1847  A band  of  the  Hg  spectrum  indicating  that  the  dissociation  of  Ot 
to  two  ground-state,  *p,  oxygen  atoms  is  the  primary  photochemical 
process.  The  following  mechanism  was  proposed  which  requires  the 
photochemical  dissociation  of  C1F(  as  well : 


o, 

OF, 


tm  (1147 1) 

*»  (XXM>-M00l) 


0 + 0 
ClFi  + F 


O + OF* 


CSFjO 


OFgO  + Ft 


ar$o  + r 


The  photolysis  of  C1FS  was  investigated  under  similar  conditions. 
A photochemical  steady  state  was  quickly  achieved,  where  [Ft]  — [CLF] 
» «[C1F|],  and  « has  a value  of  about  1 at  low  and  of  about  3 at  high 
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pressures.  These  results  together  with  the  known  photochemical 
decomposition  of  OF*  (113)  explain  why  C1FS0  can  be  readily  generated 
by  the  photolysis  of  so  many  different  starting  materials. 

2.  Molecular  Structure 

Although  the  exact  geometry  of  ClFjO  has  not  yet  been  established, 
its  approximate  structure  is  known  from  vibrational  and  1#F  NMR 
spectroscopy.  Its  UV  spectrum  has  also  been  reported  (228). 

The  1#F  NMR  spectrum  of  C1F80  was  studied  by  several  groups.  A 
single  signal  at  <f>  — —262  (226)  or  —253  (300)  ppm  was  reported  for 
liquid  ClFjO.  For  the  gas,  a singlet  at  <f>  — —327  ppm  was  observed  (226). 

TABLE  VI 

Vibrational  Spectra  or  C1F*0  Gas  and  Liquid  and 
Their  Assignment  in  Point  Groups  C,* 


Observed  frequencies  (cm-1)  and  relative 
intensities 


Approximate 

Solid  Liquid  description 


IK 

Raman 

matrix  IB 

Raman 

Assignment  of  mode 

1228' 

1224 

1218 

► • 

1222  (1.6)  p 

1223  s 

1224  (1.0)  p 

ei(A') 

.-(“Cl— O) 

1213  J 

1211  (0.6)  p 

1212  m 

vi(A') 

v(*7Cl— O) 

7011 

684  (2.6)  p 

686  s 

689  (2.7)  p 

J-i(A') 

v(«Cl— F') 

684 

686  sh,  p 

678  m 

ei(A') 

v(*7Cl — F') 

676 

vs 

662  vs 

>-7(A') 

vm(F»»C1F) 

666 

641  s 

V7(A') 

vm(F37C1F) 

499  m 

vs(A') 

SrocM(0*»ClF') 

601' 

600(1) 

498  sh 

497  sh 

•'•(A') 

Srock(O^ClF') 

481 

ms 

488  (1) 

486  mw 

v»(A') 

S^WO^IF') 

484  w 

e»(A') 

fi»cii*(0*7ClF') 

481  , 

482  (10)  p 

478  mw 

466  (10) 

vs(A') 

v»FC1F 

412  w 

414  (0.2)  dp 

414  w 

406  (0.6)  sh  vs(A') 

T 

3»FC1F  out  of 

323 
313  i 

|m 

319  (0.1) 

323  mw 

310  (0.3)  p 

PtfA') 

FC1F  planeas 
5w»fOClF' 

230  a« 

224  (0.4)  p 

227  (1.2)  pt  vt(A') 

£*FC1F  in  FC1F 

plane 


• Data  from  Christa  and  Curtis  ( 65 ). 
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From  nuclear  relaxation  time  measurements,  Alexandre  and  Rigny  (3) 
were  able  to  determine  the  chemical  shift  difference  between  the  equa- 
torial and  the  2 axial  fluorine  atoms  as  50  ± 2 ppm.  They  also  obtained  a 
value  of  195  Hz  for  the  mean  Cl — F coupling  constant  and  values  for  the 
exchange  time  between  the  fluorine  atoms. 

Vibrational  spectroscopy  (37, 55, 300)  provided  the  best  evidence  for 
C1F,0  possessing  a pseudotrigonal  bipyramidal  structure  of  symmetry 
C„  in  which  2 fluorines  occupy  the  axial  and  1 fluorine,  1 oxygen,  and  a 
sterically  active  free  valenoe  electron  pair  occupy  the  equatorial  positions 
(see  structure  III).  At  Rociketdyne  (55),  a thorough  spectroscopic  study 
was  carried  out  including  the  infrared  spectra  of  gaseous,  solid,  and 
matrix-isolated  ClFaO  and  the  Raman  spectra  of  the  gas  and  the  liquid. 

TABLE  VII 


Intxrnai.  Fobck  Constants  ot  C1F*0*> 


So 

9.37 

frr 

0.26 

J* 

3.16 

/« 

o.n 

Sr 

2.34 

frr 

0.13 

J. 

1.S4 

Jt$  m —frr 

0.2S 

s, 

1.69 

hr  "'ftr 

0.22 

/v 

1.87 

* Data  from  Christo  and  Curtis  (55). 

•Stretching  constants  in  mdyn/A, 
deformation  constants  in  mdyn  A/ 
radian*,  and  stretch-bend  interaction 
constants  in  mdyn/radian. 

The  observed  Bpeotra  agree  well  with  those  reported  by  the  other  groups 
(37,  300),  although  the  latter  was  inoorrectly  assigned.  The  best  assign- 
ment (55)  is  given  in  Table  VI.  A normal  coordinate  analysis  was  also 
carried  out  for  C1F 80  and  a modified  valence  force  field  was  computed  (55) 
using  the  observed  J5C1 — *7C1  isotopic  shifts.  Table  VII  summarizes  the 
internal  foroe  constants  thus  obtained.  The  geometry  of  ClFsO  assumed 
for  this  computation  was  D(CiO)  - 1.42,  R(CIFtq)  - 1.62,  and  r(ClF«)  — 
1.72  A based  on  the  known  geometry  of  ClFj  and  Robinson’s  correlation 
between  bond  length  and  stretching  frequency  (236, 237).  In  the  absence 
of  exact  structural  data,  the  following  ideal  bond  angle  values  were 
assumed : « (GC1F')  - 120°  and  /S  (OCIF)  - y (FCiF')  - 90°.  However, 
increased  repulsion  from  the  free  valenoe  electron  pair  on  chlorine  and 
the  double-bonded  oxygen  should  cause  some  deviations  from  this  ideal 
structure  (see  Section  II,  A). 
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The  foroe  constants  of  greatest  interest  are  the  stretching  force 
constants.  The  value  of  9.37  mdyn/A  obtained  for  /ci-o  is  similar  to 
those  oomputed  for  FC10*  and  CIOs*  (see  Table  I)  indicating  double-bond 
character.  The  value  of  2.34  mdyn/A  computed  for  the  axial  Cl-F 
stretching  foroe  constant  fr  is  almost  identical  with  that  of  2.34  mdyn/A, 
previously  calculated  (63)  for  C1F*-.  The  corresponding  interaction 
constant,  fn,  is  also  very  similar  for  both  species.  The  relatively  low  value 
of/r  in  ClFt~  has  previously  been  interpreted  (63)  in  terms  of  semi-ionic 
3 oenter— 4 electron  bonds.  The  same  reasoning  holds  for  the  axial  C1F 
bonds  of  ClFtO.  It  should  be  pointed  out,  however,  that  in  C1F,0, 
enhancement  of  the  ionic  character  of  the  axial  C1F  bonds  is  due  to 
oxygen  substitution,  whereas  in  C1F*“  it  is  due  to  the  formal  negative 
charge.  The  value  of  3. 16  mdyn/A  computed  for  the  equatorial  C1F  bond 
of  ClFjO  is  considerably  larger  than  that  of  the  axial  bonds,  indicating 
predominantly  covalent  bonding.  These  results  are  in  excellent  agreement 
with  a generalized  bonding  scheme  discussed  in  Section  II,  C and  suggest 
that  the  overall  bonding  in  C1F|0  might  be  described  by  the  following 
approximation.  The  bonding  of  the  threo  equatorial  ligands  (including 
the  free  electron  pair  on  Cl  as  a ligand  and  ignoring  the  second  bond  of 
the  C1=0  double  bond)  is  mainly  due  to  a sp*  hybrid,  whereas  the 
bonding  of  the  two  axial  C1F  bonds  involves  mainly  one  delocalized 
p-electron  pair  of  the  chlorine  atom  for  the  formation  of  a semi-ionic 
3 oenter— 4 electron  pa  bond. 

3.  Physical  Properties 

Chlorine  trifluoride  oxide  is  colorless  as  a gas  or  liquid  and  white  in 
the  solid  state.  Some  of  its  properties  are  summarized  in  Table  VIII. 
The  vapor  pressure  of  the  liquid  can  be  described  according  to  the 
Rocketdyne  study  (226)  by  the  equation 

log  P(mm)«  8.433 


or,  aooording  to  Bougon  et  al.  (31),  by 


V 


1 


1 


log  P(mm)  - 8.394  - 

Vapor  density  measurements  (37,  226)  <nd  mass  spectrosoopy 
(226,  300)  were  used  to  show  that  C1F»0  is  monomeric  in  the  gas  phase. 
The  relatively  high  boiling  point  and  Trouton  oonstant  of  ClFtO  imply 
its  association  in  the  liquid  phase.  More  speciflo  evidence  about  the 
nature  of  this  association  was  obtained  from  the  vibrational  spectra 
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TABLE  VHI 


Soxx  Pxopebxiu  or  ClFaO 


Property 

Value 

Ref. 

Melting  point 

-42*  to  — 44.2°C 

(16,  37,  226) 

Boiling  point 

29°  or  27°C 

{37,  226) 

AHtmio* 

1.975  kcal  mole-1 

m 

AStmio* 

8.83  e.u. 

(16) 

AHn  p 

7 7 or  7.57  kcal  mole-1 

(37,  226) 

Trouton  constant 

25.4  or  25.2  e.u. 

(37,  226) 

Density(l;  20°C) 

1.866  gm  ml-1 

(226) 

AH°,tn(g ) 

— 3(J.5“  or  —35.3*  kcal  mole-1 

(IS,  16,  269 ) 

Aa°f»u(l) 

-44.1«- «,  -42.9*-*,  or  -38.7*  kcal  mole-1 

(16,  1S2,  269) 

* Corrected  for  AH*/uriM)  m —65.14  keel  mole-1  {83). 

* Corrected  for  dff^/HPdoiaXfu^o)  “ —77.04  kcal  mole-1  (181). 

* Using  the  AH0/  tms)  values  of  Barberi  {16)  and  Sinke  (269)  for  the  gas  and  the 
above  bated  AH*, p «■  7.6  kcal  mole-1. 

recorded  for  the  liquid  and  the  solid  and  from  a controlled  diffusion 
experiment  carried  out  for  matrix-isolated  ClFsO.  It  was  concluded  (55) 
that  association  appears  to  involve  exclusively  the  axial  fluorine  atoms. 
This  finding  agrees  with  the  association  proposed  by  Frey  et  at.  (102) 
for  the  structurally  related,  trigonal  bipyramidal  molecules  SF«  and 
C1F,. 

The  thermodynamic  properties  were  computed  with  the  molecular 
geometry  and  vibrational  frequencies  given  above  assuming  an  ideal 
gas  at  1 atm  pressure  and  using  the  harmonic-oscillator  rigid-rotor 
approximation.  These  properties  are  given  for  the  range  0-2000°K  in 
the  Appendix  (Table  AI). 

4.  Chemical  Properties 

Chlorine  trifluoride  oxide  is  stable  at  ambient  temperature  and  can 
bo  stored  and  handled  in  well-passivated  metal,  Teflon,  or  Kel-F 
containers  without  decomposition.  Its  thermal  stability  is  intermediate 
between  that  of  ClFi  and  C1FS.  When  seated  to  280-300°C  in  a Monel 
cylinder  (37, 226),  or  to  200°C  in  a stainless  steel  cylinder,  or  to  350°C  in  a 
flow  system  (226),  C1F,0  decomposes: 

of,o  ► of,  + *0* 

It  reacts  rapidly  with  glass  or  quartz  and,  therefore,  cannot  be  handled 
in  standard  glass  vacuum  systems  (226).  It  reacts  with  numerous  materials 
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causing  oxidation  through  both  fluorination  and  oxygenation.  With 
hydrogen^  containing  species,  these  reactions  may  occur  at  quite  low 
temperature  and  with  hydrocarbon  type  compounds  are  generally 
explosive.  However,  many  chlorine-,  fluorine-,  or  oxygen-substituted 
compounds,  even  with  lower  valent  central  atoms,  react  only  slowly  at 
ambient  temperature,  or  not  at  all.  Thus,  no  reaction  was  observed  at 
room  temperature  between  ClFjO  and  chlorine,  chlorine  fluorides, 
chlorine  oxyfluorides,  and  the  nitrogen  fluorides,  FNO,  FNO*,  NPt,  and 
N*F4  [246).  However,  elevated  temperatures  or  U’v  photolysis  have  re- 
sulted in  appreciable  reaction  of  all  compounds  examined.  With  Clg no 
interaction  was  detected  at  25°C,  but  at  200°C  the  following  reaction 
occurred: 

OFtO  + CU  ► 30F  + 0.50, 

Chlorine  monoxide  and  ClFjO  reacted  slowly  at  room  temperature  (246) : 
CIF*0  + Ci»0  — — ¥ 1C1F  4 FClOi 

Similarly,  C10S0tF  interacts  with  C1F,0  (246) : 

OF»0  + SaoSOjF  *•  8,0*Ft  4 FCIO*  4 2CIF 

and 

CiFgO  4 C1080»F  80,F*  + FC10M  + OF 

All  these  reactions  can  be  rationalised  in  terms  of  a reduction  of  C1F,0 
to  the  unstable  FCIO  (see  Section  III,  A)  which  readily  decomposes  to 
FCIO*  and  C1F.  At  elevated  temperature,  B’ClOj  may  decompose  further 
to  C1F  + Ot  (24,  137, 183). 

Several  reaction  systems  were  discovered  in  which,  in  addition  to 
fluorination,  oxygenation  also  occurred.  These  include  SF4  (60) ; N*F4, 
HNFt,  and  FtNCFO  (246,  248)  ; and  MoF6  (35).  In  the  following  equa- 
tions, the  end  products  observed  for  the  SF4-C!FsO  reaction  are 
underlined : 


ClFtO  4*  SF4 

c»r 

r 

PF,  4 FCIO 

SFCSO 

* 

FCIOj  4 C1F 

bf4  + of 

b?»ci 

8F«  4 OFtO 

— _► 

8F40  4 CIF» 

BF4  4 C1F, 

SF«  4 C1F 

In  the  MoFj-CIFjO  system,  both  MoFs  and  MoF^O  were  formed, 
followed  by  adduct  formation.  With  NgF4,  sin  appreciable  reaotion  rate 
was  observed  only  above  lOO’C: 
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C1F»0  + 2N»F«  3 NF*  + FNO  + C1F 

In  addition  to  theae  products,  small  amounts  of  NFsO  were  obtained. 
The  yield  of  NF,0  from  this  reaction  system  could  be  increased  to  about 
5%  when  UV  irradiation  was  used.  Higher  yields  of  NF,0  (~70%)  could 
be  obtained  at  low  temperature  from  HNFt  and  ClFaO : 


ClFjO  + 2HNFt 

► [FCIO]  + 2HF  - 

2NFj*  + [FCIO] 

NFjCl  + NFjO 

with  the  side  reactions,  2NFt  ■ 

*•  N,F« 

2(FC10] 

► FC1C,  + CIF 

CIF  + HNF* 

► HF  + NFjCl 

The  reaction  between  difluoraminocarbonyl  fluoride,  F2NCFO,  and 
ClFjO  yielded  again  NF,0  and  C1NF*  in  nearly  equimolar  amounts. 
However,  the  yields  were  much  lower  (20%  based  on  ClFjO  consumed) 
with  NtF4  being  the  main  N — F containing  product. 

One  reaction  was  discovered  (246)  in  which  ClFtO  did  not  act  as  an 
oxidizing  but  rather  as  a reducing  agent.  With  the  powerful  oxidizer 
PtF«,  it  reacted  according  to 

ClFiO  + PtF,  ► CIF,0+PtF,-  + O.SFi 

The  interaction  of  C1FS0  with  HF,  resulting  in  a fluoride  ion  abstraction 
to  give  the  CIFtO+  cation  (38),  will  be  discussed  below.  With  HsO,  an 
exoess  of  chlorine  trifluoride  oxide  hydrolyzes  (226)  according  to 
C1F,0  + Hj0  FCIOi  + 2HF 

Mixtures  of  ClFjO  and  C1F8  (225)  hold  promise  as  an  oxidizer  in  rocket 
propulsion. 

As  discussed  in  Section  II,  D,  the  compound  C1P',0  has  an  energetic- 
ally unfavorable  pseudotrigonal  bipyramidal  structure.  Consequently,  it 
exhibits  a pronounced  tendency  to  form  adducts  with  both  strong  Lewis 
acids  and  bases.  Adducts  containing  the  ClFtO+  cation  (see  Section  III,  C) 
were  obtained  (33-35,  38,  58,  64,  246,  300)  with  the  following  Lewis 
acids:  BiF„  SbF4,  AsFt,  PF»,  TaF*,  NbF»,  VFJ(  PtF#,  UF#,  MoF40, 
SiF4,  BFt,  and  HF.  With  WF40  and  UF40,  no  stable  ionic  products 
were  formed  (35)  in  spite  of  the  fact  that  WF40  is  a stronger  Lewis  acid 
than  MoF40.  This  is  caused  by  the  increased  tendency  of  WF40  to  enter 
the  following  oxygen-fluorine  exchange  reaction: 

aF*0  + MF40  *•  FC10t  + MF*  (M-WorU) 


849 


jf\f.Targi^»- ’ " ''Vruu  tifairii,r'ii 


340 


K.  0.  CHRISTS  AND  C.  J.  SCHACK 


Adducts  containing  the  C1F40“  anion  (see  Section  III,  D)  were  prepared 
(56, 64, 300 ) by  reaction  of  C1FS0  with  the  Lewis  bases  CsF,  RbF,  and  KF. 
With  the  weaker  bases  FNO  and  FNOt,  it  does  not  interact  even  at 
— 95°C  (64). 

C.  Difluorooxychloronium(V)  Cation 

Compounds  containing  the  ClFgO+  cation  with  the  following 
counterions  are  known:  BiFfl~,  SbF4",  Sb2Fn~,  AsF4-,  PF4-,  TaF4~, 
NbFg',  VF«-  PtFr.  UFr,  SiF4*-,  BF4~,  HF*"  MoF60“,  and 
MojFgOg-  (33-35,  38,  58,  64,  246,  300). 

1.  Synthesis 

With  the  exception  of  the  PtF4~  salt  which  was  prepared  from  C1FS0 
and  PtFe  [(246),  Section  III,  B,  4],  all  the  other  salts  were  prepared  by 
direct  combination  of  C1FS0  with  the  corresponding  Lewis  acid.  When 
the  Lewis  acid  is  a solid  at  the  reaction  temperature,  or  nonvolatile,  it  is 
advisable  to  use  either  a large  excess  of  C1FS0  or  anhydrous  HF  as  a 
solvent  to  avoid  polyanion  formation  (33-35,  64). 

2.  Molecular  Structure 

The  ionic  nature  of  C1FS0  • Lewis  acid  adducts  was  established  by 
vibrational  (33-35,  38,  58,  300)  and  1SF  NMR  (61)  spectroscopy. 

The  NMR  spectrum  of  C1F20+AsF4_  in  anhydrous  HF  showed  (61) 
the  characteristic  quadruplet  of  AaF#~  at  <f>  = 67.5  ppm  in  addition  to  a 
single  signal  due  to  rapidly  exchanging  HF  and  C1F20+.  Upon  acidifica- 
tion of  the  HF  solvent  with  AsFs,  a separate  signal  at  ^ — —272  ppm  was 
observed  for  C1F20+  in  addition  to  a single  signal  due  to  HF,  AsF4~, 
and  AsFj.  For  ClF20+PtF4~  in  HF  the  C1F20+  signal  was  also  found  at 
<f>  = —272  ppm.  The  observation  of  a singlet  for  C1F20+  shows  the  mag- 
netic equivalence  of  the  2 fluorine  atoms. 

The  vibrational  spectra  were  reported  (33-35,  38,  58,  300)  for  all  of 
the  above-listed  ClFtO+  salts.  In  addition  to  the  bands  characteristic  of 
the  anions,  all  spectra  exhibited  bands  with  frequencies  and  relative 
intensities  similar  to  those  shown  in  Table  IX.  These  are  characteristic 
for  the  ClFgO+  oation.  The  vibrational  spectrum  of  C1F20+  closely 
resembles  that  of  isoelectronio  SFsO  and,  therefore,  oould  be  readily 
assigned.  The  only  ambiguity  in  the  assignment  existed  (34,  58)  for  the 
two  deformation  modes  occurring  in  the  380-400  cm-1  region.  Recent 
Raman  polarization  measurements  (34)  have  shown  that  the  400-cm-1 
band  belongs  most  likely  to  v4  (A'),  and  the  380-cm-1  band  to  v4  (A*). 
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Vibrational  Spictrun  op  the  C1F*0+  Cation 


Raman 

IR 

Assignment 

Approx. 

(HF  solution) 

(solid) 

in  point 

description 

(cm-1) 

(cm-1) 

group  0, 

of  mode 

1333  (4)1 

1322 sh  / p 

1334  s 1 
1323m) 

n (A') 

vCIO 

741  (10) p 

734  m 

n(A0 

V.C1F, 

715(1) 

694  s 

K*  (A') 

v«  OIF* 

512  (2)  p 

512s 

V*  (A'i 

8.0C1F, 

404 (2) p 

405  m 

vs  (A') 

Stclm  OIF* 

383  (1) 

383  m 

vs  (A') 

St*  OC1F* 

The  spectroscopic  evidence  is  consistent  with  the  following  structure 
of  symmetry  C,  for  ClFtO+ : 


1 

f-7  vo 

F 

(IV) 

A normal  coordinate  analysis  wa'j  carried  out  (58)  for  C1F10+  assuming 
the  following  geometry:  J?cio  "*  1.41  A;  far  — 1-62  A,  0(OC1F)  — 108°; 
and  a(FClF)  — 93°.  A modified  valence  force  field  was  computed,  and 
the  results  are  given  in  Table  X.  As  can  be  seen  from  Table  I,  the  CIO- 

TABLE  X 


Vibrational  Force  Constants  or  C1F»0+*-* 


J* 

11.20 

fr 

3.44 

f$ 

1.65 

/. 

1.78 

/s# 

0.21 

In 

0*39 

* Data  from  Ohriste  *i  at.  (S8). 

* Stretching  constants  in  mdyn/A  and  deformation 
constants  in  mdyn  A/radian1. 
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stretching  force  constant  of  C1F20+  exhibits  a high  value,  implying  that 
the  positive  charge  in  ClFt0+  is  partially  located  on  the  oxygen  atom 
and  that  contributions  from  resonance  structures,  such  as  VI, 

" * *'7a^o/ 

F ^ F 

(V)  (VI) 


t 

i 


i 

t 

I 

i 

1 


are  significant.  The  ClF-stretching  force  constant  of  CIF*0+  is  within  the 
range  expected  for  a predominantly  covalent  C1F  bond  (see  Table  I and 
discussion  in  Section  II,  C). 

3.  Properties 

Except  for  the  following  salts,  the  above-listed  ClFj.O+  salts  are  stable, 
white,  crystalline  solids.  The  UF#“  salt  is  blue-green  and  of  marginal 
stability  at  ambient  temperature.  In  HF  solution  or  during  exposure  of 
the  solid  to  a laser  beam,  the  UF4~  anion  is  slowly  oxidized  by  C1F*0+ 
to  UF,  (33).  For  MoFs  this  instability  of  the  pentavalent  metal  toward 
oxidation  to  the  hexavalent  state  is  even  more  pronounced.  When  ClFtO 
and  MoFs  are  oombined,  no  stable  MoF„~  Balt  is  formed,  but  MoF,  and 
MoF40  are  the  products  with  the  latter  being  capable  of  forming  stable 
adducts  (36).  The  ClF*0+PtF«“  salt  is  a oanary  yellow  solid  (246).  The 
VF4  and  FF#  adducts  exhibit  dissociation  pressures  of  2.i>  and  3.5  mm, 
respectively,  at  room  temperature  (33,  34).  The  (ClFaO+)4  SiF#*“  salt 
is  unstable  at  room  temperature.  It  reaches  a dissociation  pressure  of 
780  mm  at  31°C  and  its  dissociation  pressure  can  be  represented  (64)  by 
the  equation 

2712  3 

• log  P(rnm)  - 11.8018  - 

From  these  data,  the  heat  of  dissociation,  » 37.24  koal  mole-1,  and 
the  heat  of  formation  of  the  solid  adduct,  — —495.7  koal 

mole-1  were  obtained.  For  the  latter  the  literature  value  was  corrected 
by  using  the  more  precise  value  of  —35.9  kcal  mole-1  for  the  heat  of 
formation  of  gaseous  ClFjO  (see  Table  VIII).  The  adduct  molts  under 
its  own  vapor  pressure  at  50.5°C  (300). 

The  Raman  spectrum  of  a solution  of  C1F»0  in  anhydrous  HF  shows 
no  bands  due  to  ClFjO  but  only  those  of  ClFtO+  in  agreement  with  the 
following  ionisation  scheme  (33) : 


'it  2 
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C1F40  + HF  ► C1F|0+  + HFr 

However,  no  attempts  were  reported  to  isolate  the  neat  solid  at  low 
temperature  and  to  examine  its  thermal  stability. 

The  thermal  stability  of  the  adducts  depends  on  the  strength  of  the 
Lewis  adds  and  decreases  for  the  C1FS0+  salts  in  the  following  order : 
SbF,  > AsFj  > BF,  > VFj  > PFS  > SiF4  > HF  (33-35,  38,  64).  The 
C1F,0+MoF50~  salt,  when  heated  in  vacuum  to  75-80°C  or  when  dis- 
solved in  anhydrous  HF,  is  oonverted  to  ClFtO+,  MotFtOf  ~,  and  C1F,0. 
It  was  shown  by  Raman  spectroscopy  that  this  reaction  is  reversible. 
Heating  of  these  compounds  to  higher  temperatures  results  in  decom- 
position to  MoF40  and  CJO,+  salts  of  M0F4O  (35). 

The  X-ray  powder  patterns  were  reported  for  the  XF*~  type  (34, 64, 
246)  and  the  BF4~  (64)  adduct  and  were  tentatively  indexed  in  the 
orthorhombic  system. 


D.  Tbtrafluorooxychlorate(V)  Anion 

The  existence  of  adducts  between  ClFjO  and  CsF  (56,  64, 300),  RbF 
(64),  and  KF  (64)  has  been  reported.  It  was  shown  (56,  300)  by  vibra- 
tional spectroscopy  that  these  adducts  are  ionic  and  contain  the  C1F40~ 
anion. 

1.  Synthesis  and  Properties 

Chlorine  trifluoride  oxide  was  found  (64)  to  combine  readily  with  the 
alkali  metal  fluorides,  CsF,  RbF,  or  KF,  at  room  temperature  to  fora 
white  stable  adducts.  High  conversion  to  the  1 : 1 adduct  appears  to  be 
easiest  for  CsF.  The  use  of  a large  exoess  of  C1F»0,  agitation , and  extended 
oontact  times  are  conducive  to  nearly  complete  conversions.  These 
alkali  metal  C1F40~  salts  have  found  use  in  the  purification  of  ClFtO 
(226).  The  thermal  stability  of  the  adducts  decreases  in  the  order 
CsF  > RbF  > KF.  For  example,  the  KC1F40  salt  can  be  decomposed 
by  vaouum  pyrolysis  at  50-70°C  (226),  whereas  a much  higher  tempera- 
ture is  required  for  the  pyrolysis  of  CsC1F40. 

2.  Molecular  Structure 

The  ionic  nature  of  these  adducts  and  the  structure  of  the  C1F40- 
anion  were  established  by  vibrational  spectroeoopy  (56,  300).  It  was 
shown  (56)  that  the  observed  vibrational  spectrum  (Table  XI)  is  con- 
sistent with  the  following  structure  of  symmetry  C4»: 


i 

V- 


TABLE  XI 

VlBAATXONAL  8MCT*A  OF  Rb+ClF40"  AND  Cs+C1F40'  AND 
Theis  Assignment* 


Obasrved  frequoncio*  (cm'1)  and  relative 


intensities 

Assignment 

Typo  of  vibration 

Rb+C1F40- 

Cs+C1F40' 

for  XZF4 
in  point 

IK 

Raman 

IK 

Raman 

group  C4v 

1210  s 

1211  (0.6) 

1201s 

1203  (0.6) 

Ai  vi 

v XZ 

462  w 

461  (10) 

467  w 

466 (10) 

vt 

vtym  in-phase  XF4 

S3  its 

[360]* 

339  b 

[346]* 

V* 

Otyn  out-of -plane 

xf4 

360  (4.3) 

346  (4) 

Bi  v« 

vkytn  out-of -phase 

xf4 

w 

Sttym  out-of-plane 

xf4 

283  vw 

286  (0-4) 

280  vw 

283  (0.4) 

B.  vt 

S,ym  in-plane  XJ?4 

«0°1  v. 

699  (0.1) 

6001 

694  (0.2) 

E VT 

Vuym  XF* 

600 ) v* 

667  (0.4) 

860/  V“ 

664  (0.3) 

4361  . 

416(1.4) 

416  | 

416(1.4) 

394  / * 

396  (0.1) 

396/* 

397  (0.1) 

vs 

8 ZXF 

213  (0.6) 

204  (0.7) 

V* 

8 ym  in-plane  XF4 

* Data  from  Christs  and  Curtis  (46). 

* Calculated  frequency. 
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(VII) 


A normal  coordinate  analysis  was  carried  out  (<56)  for  QF40~  assuming 
the  following  geometry : D(G0)  — 1.42  A;  r(ClF)  - 1.75  A;  and  all  bond 
angles  are  90°.  The  internal  force  constants  obtained  are  listed  in  Table 
XII.  Comparison  with  the  stretching  force  constants  of  ether  chlorine 
fluorides  oxides  (see  Table  I)  shows  that  the  (30  bond  in  C1F40~  has 
full  double-bond  character,  but  that  the  OF  bond  is  a rather  weak 
aemi-ionio  3 oenter-4  electron  bond.  This  implies  that  the  formal  negative 
charge  in  C1F40~  is  distributed  almost  exclusively  over  the  four  fluorine 
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TABLE  XII 


Foxes  Const ants  or  CIF4O- 


J* 

Jr 

8.13 

1.78 

S'; 

0.28 

J* 

1.33 

f'm 

0.08 

/.  ■ 

0.61 

Jr* 

0.16 

Jtt 

0.26 

A# 

-0.16 

frr 

0.04 

* D*t*  from  Christa  *ud  Ourtia 

m- 

* Stretching  force  comtente  in 
rndyn/A  and  deformation  force  oon  ■ 
itanti  in  rodyn  A/radian*. 

ligand*.  Resonance  structures  of  the  following  type  can  be  used  to 
describe  this  effect : 

I F.  T V 

~ Hi  i"r  f"?  ©<-> 

O O 

(VIII)  (IX) 

E.  Chlorine  Pentaflcoridi  Oxide 

The  synthesis  of  ClFjO  was  claimed  in  1972  by  Ziichner  and  Glemser 
(300)  by  UV  photolysis  of  a mixture  of  C1F,  and  OF,  in  a nickel  vessel 
fitted  with  a sapphire  window.  Although  the  authors  failed  to  isolate 
a pure  product,  they  “identified”  C1F&0  in  the  product  mixture  by 
negative-ion  mass  spectroscopy  and  1UF  NMR  spectroscopy.  However, 
the  following  properties  attributed  to  C1F,0  do  not  agree  with  the 
general  trends  observed  for  the  remaining  chlorine  fluorides  and 
oxyfiuorides:  (a)  low  volatility  at  — 78°C,  (6)  a 18F  NMR  resonance 
between  —146  and  —103  ppm  relative  to  CFC1„  and  (c)  exchange  broad- 
ening in  the  NMR  spectrum  even  at  — 76°C.  For  C1F,0,  we  would 
expect  (a)  a volatility  oomparable  to  that  of  C1FS  (227)  or  SF#  (279), 
(b)  an  averaged  l,F  NMR  chemioal  shift  of  about  -390  ppm  (SI),  and 
(e)  the  absence  of  intramolecular  exchange  owing  to  chlorine  having  its 
maximum  coordination  number  and  no  free  valence  electron  pair,  and 
owing  to  the  lack  of  a plausible  exchange  mechanism. 

Attempts  to  duplicate  Ziichner  and  Glemser’s  experiment  (300)  at 
Rocketdyne  and  the  Centre  d 'Etude*  Nudeaires  de  Saday  did  not  result 
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in  any  evidence  for  C1F60.  In  the  Rocketdyne  study,  the  progress  of  the 
C]Fs-OFx  photolysis  in  the  temperature  range  -78°  to  30°C,  using  both 
unfiltered  and  Pyrex-filtered  UV  radiation,  was  continuously  monitored 
by  gas  chromatography.  At  the  end  of  an  experiment,  the  products  were 
also  separated  by  fractional  condensation  in  a Teflon-stainless  steel 
vacuum  system  and  were  characterized  by  vibrational  spectroscopy.  It 
was  shown  that  in  the  ClFj-OF*  system,  when  exposed  to  unfiltered  UV 
radiation,  ClFt  rapidly  decomposes  to  C1F,  and  F,  and,  therefore,  yields 
only  the  same  products  obtainable  from  the  photolysis  of  ClF,-OF, 
mixtures,  i.e.,  mainly  C1F,0. 

The  19F  NMR  spectrum  observed  by  Ziichner  and  Glemser  (300) 
might  be  rationalized  in  terms  of  a rapidly  exchanging  mixture  of  ClFt 
and  ClFfO  as  was  pointed  out  to  us  by  Dr.  Bougon.  To  verify  this,  we 
have  recorded  the  NMR  spectra  of  C1F,-C1F,0  mixtures  over  the 
temperature  range  40°  to — 1 02°C.  It  was  found  that  mixtures  of  pure  C1F, 
and  C1F,0  yield  separate  signals  for  C1F,  (at  about  <f>  — 118  and  —10 

ppm)  and  C1F,0  (at  about  —269  ppm)  over  the  whole  temperature  range 
studied.  However,  upon  addition  of  about  6 mole%  of  HF,  one  single 
signal  is  observed  for  all  three  species  with  a chemical  shift  corresponding 
to  the  averaged  chemical  shifts  of  the  three  components.  The  tempera- 
ture dependence  of  these  spectra  is  similar  to  that  reported  by  Ziichner 
and  Glemser  (300).  At  40°C  the  signal  was  rather  broad,  became  narrower 
with  decreasing  temperature,  but  broadened  below  -60°C  and  shifted 
to  higher  field.  At  — 102°C  a new  and  relatively  narrow  signal  appeared 
significantly  shifted  upheld.  The  observed  shifts  and  temperature 
dependence  of  these  spectra  are  strongly  dependent  on  the  exact 
composition  of  the  mixture. 

The  only  remaining  piece  of  evidenoe  presented  (300)  for  C1FS0  was 
the  presence  of  a low-intensity  fragment  due  to  C1F40"  in  the  negative 
ion  mass  spectrum  of  the  crude  reaction  product.  However,  this  fragment 
might  be  attributed  to  a recombination  process  in  the  mass  spectrometer 
since  a 62%  peak  was  also  reported  for  F,“  which  can  form  only  by 
recombination.  Furthermore,  negative-ion  spectra  frequently  show 
species  of  higher  mass  than  that  of  the  parent  molecule  due  to  attachment 
of  other  atoms  or  groups  (28),  as  was  recently  also  demonstrated  for 
BrFt,  of  which  the  negative-ion  spectrum  shows  a rather  intense  BrF«~ 
fragment  (194).  In  agreement  with  the  preceding  NMR  interpretation, 
the  observed  (300)  negative-ion  mass  spectrum  is  best  ascribed  to  a 
mixture  of  C1F,0,  C3F„  FC10,,  and  some  OF,,  with  several  higher  mass 
peaks  and  Ft~  being  due  to  reoombination  in  the  spectrometer. 

Based  on  the  cited  evident  >t  appears  unlikely  that  Ziichner  and 
Glemser  (300)  had  indeed  observed  C1F,0. 
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F.  Chloryl  Fluoride 
Chloryl  fluoride, 


w*a  first  obtained  in  1042  by  Schmitz  and  Schumacher  (256)  by  the 
low-temperature  fluorination  of  CIO*  with  F*.  The  compound  itself  has 
not  been  studied  very  intensively  although  it  is  the  most  frequently 
encountered  reaction  product  in  systems  involving  reactions  of  chlorine 
mono-,  tri-,  or  pentafluorides  with  oxides  or  hydroxides.  Its  structure 
can  be  derived  from  a tetrahedron  with  a free  valence  electron  pair  of 
chlorine  occupying  one  of  the  four  comers.  Compared  to  FCIO*,  this 
structure  is  less  symmetric,  kinetically  less  stable,  and  contains  a highly 
polar,  long  (p — n*)a  (see  Section  II,  C)  bond.  Therefore  at  moderate 
temperatures,  FCIO*  is  far  more  reactive  than  FCIO,  in  spite  of  its  lower 
oxidation  state. 

1.  Synthesis 

In  our  experience  (70),  FCIO*  is  most  conveniently  prepared  by 
combining  NaCIO,  with  an  about  equimolar  amount  of  C1F,  at  -196°C 
in  a stainless  steel  cylinder  and  holding  the  mixture  at  room  temperature 
for  a day.  Chloryl  fluoride  (bp  — — 6°C)  is  thus  obtained  in  high  yield  and 
can  be  separated  from  the  by-products  O*,  Cl*  (bp  — — 33.8°C),  and 
unreacted.  C1F,  (bp  — 11.75°C)  either  by  fractional  distillation  or  by 
repeated  fractional  oondens&tion  through  a series  of  traps  maintained 
at  —95°,  —112°,  and  — 126°C.  This  procedure  is  safe  and  does  not  involve 
the  handling  of  any  shock-sensitive  materials.  It  is  based  on  the  previous 
reports  by  Engelbrecht  and  Atzwanger  (92)  and  Smith  and  co-workers 
(270)  that  gaseous  GIF,  reacts  with  KCIO,  to  give  FCIO,  in  high  yield. 
The  substitution  of  KCIO,  by  NaCIO,  js  significant  since  the  product  NaF 
does  not  form  an  adduct  with  C1F,,  whereas  KF  does.  This  decreases 
by  60*/i  the  amount  of  C1F,  required  for  the  reaction.  By  analcgy  with 
the  known  KCIO,  4-  BrF,  reaction  (296),  the  idealized  stoichiometry  of 
the  above  reaction  is 

S NaCIO,  + 4CUTi  *■  SNaF  + SCI,  + SO,  + flFdOs 

The  use  of  larger  than  stoichiometric  amounts  of  C1F,  is  advisable  to 
avoid  the  possible  formation  of  shock-sensitive  chlorine  oxides. 
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Woolf’s  original  method  (296)  involved  the  use  of  KC10S  and  BrF,, 
according  to 

6KC10,  + 10BrF»  ► SKBrF*  + 2Br,  + 30,  + 8FC10, 

Although  the  yield  of  FC102  is  high,  it  is  very  difficult  to  obtain  pure 
oolorless  FCIO,  by  this  method.  When  KC10,  is  replaced  by  KC10t 
{285),  FCIO,  is  obtained  in  97%  yield: 

3KC10,  + 5BrF, 1-  3Kr3rF4  + Br,  + 30*  + 3FC10, 

The  product  purification  problem  foi  this  system  is  analogous  to  that 
encountered  for  the  KC10j-BrF,  system.  Direct  fluorination  of  KC10, 
with  F,  (31,  89,  92,  265)  is  not  synthetically  useful  for  preparing  FCIO,, 
since  the  main  product  is  always  FCIO,.  The  interaction  of  HOSO,F 
with  KC10,  was  reported  (99)  to  produce  FCIO,  in  30%  yield.  However, 
a study  of  this  system  carried  out  at  Monsanto  (198)  failed  to  produce 
FC10S,  probably  owing  to  formation  of  chloryl  fluorosulfate. 

An  alternative  route  to  FCIO,  involves  the  fluorination  of  chlorine 
oxides.  The  resulting  FC102  is  usually  very  pure  but  the  handling  of  the 
shock-sensitive  chlorine  oxides  renders  these  methods  unattractive, 
particularly  for  the  production  of  larger  amounts  of  material.  The 
original  synthesis  of  FCIO,  by  Schmitz  and  Schumacher  in  1942  (256) 
involved  direct  fluorination  of  CIO,.  When  F,  was  added  at  — 80°C  to  a 
quartz  vessel  containing  CIO,,  followed  by  slow  warm-up  to  20'>C, 
FCIO,  was  formed  in  a moderate  reaction.  The  most  favorable  conditions 
were  a reaction  time  of  2 min,  a reaction  temperature  of  0°C,  and  the 
use  of  a mixture  consisting  of  25.6  mm  CIO*,  54.0  mm  FI(  and  540.7  mm 
air.  The  reaction  was  found  to  be  homogeneous  and  bimolecular  (12). 
Modifications  of  this  reaction  involve  passing  gaseous  F,  through  liquid 
CIO,  at  -50°  to  — 55°C  (264)  or,  preferably,  using  CFC1,  as  a solvent  at 
— 78°C  (162,  254).  Chlorine  dioxide  can  also  be  fluorinated  to  FC10,  by 
passing  CIO,  diluted  with  N,  at  room  terope  ature  over  AgFs  or  CoF, 
or  by  passing  CIO,  through  liquid  BrF,  at  30CC  (255). 

The  fluorination  of  chlorine  oxides  other  than  CIO,  also  produces 
FC10t.  Thus,  FC10,  was  obtained  in  yields  of  up  to  75%  by  fluorination 
of  C1,0«  with  F,  between  22°  and  48°C  (7,  8).  The  high  yield  of  FC10, 
coupled  with  the  absenoe  of  FCIO,  indicates  that  the  primary  step  is  the 
decomposition  of  C1,0,  to  2C10,  + O,  followed  by  the  fluorination  of 
CIO,  to  FCIO,.  Similarly,  the  reaction  between  C1,06  and  FN0„  when 
carried  out  in  CFC1,  solution  at  0°C,  produoes  FCIO,  in  addition  to 
N0,+C104_  (255).  Chloryl  fluoride  is  also  formed  during  the  fluorination 
of  C1,0,  at  — 40®C  with  BrF,  or  BrF,  (294)  or  with  HF  (252).  During 
thermal  decomposition  of  C1,07  in  the  presence  of  F,  at  100°-120°C 
in  quartz  or  Pyrex,  FdO,  is  formed  in  addition  to  FCIO,  and  C1F  (98). 
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The  risk  of  explosions  is  somewhat  reduced  in  the  C10*-AgF*  reaction 
when  the  CIO*  is  replaced  by  the  less  dangerous  C1*0.  The  yield  of 
FCIO*  was  35%  (117,  182).  Similarly,  C1*0  can  be  fluorinated  at  — 78°C 
with  either  C1F  (51), 

2a, o + cif  ► fqo,  + sa, 

or  C1F*  0(246), 

a,0  + CIF,0  ► FCIO,  + 2C1F 

Oxygenation  of  a chlorine  fluoride,  if  possible,  would  be  more 
attractive  than  fluorination  of  the  shock-sensitive  chlorine  oxides.  A 
process  for  FCIO*  has  been  claimed  by  Faust  ei  al.  (97)  furnishing  FCIO* 
in  about  50%  yield  by  simply  heating  a mixture  of  C1F  and  O*  to 
80°-90°C.  However,  attempts  in  our  laboratory  (70)  to  verify  this  syn- 
thesis failed.  It  appears,  that  the  FCIO*  observed  by  Faust  ei  al.  (97) 
in  their  experiments  was  due  to  hydrolysis  of  C1F  (9,  36,  70). 

Numerous  reactions  have  been  reported  in  which  FCIO*  is  formed  as  a 
product.  Most  of  these  involve  the  interaction  between  a chlorine 
fluoride  or  oxyfluoride  with  an  oxide  or  hydroxide.  The  oxidation  state 
of  the  chlorine  fluoride  is  not  important  since  +1,  -fill,  and  +V  com- 
pounds all  yield  FCIO*  owing  to  the  tendency  of  the  lower  oxyfluorides, 
such  as  FCIO,  to  disproportionate.  The  presence  of  excess  chlorine  fluor- 
ide is  important  to  avoid  formation  of  chlorine  oxides.  The  following 
equations  are  typical  examples  for  these  types  of  reactions : 


flCIF  + 2H«0 

► 4HF  + FCIO,  + 2Ci, 

(».  36) 

SCiF,  + 2H,C 

► 4HF  + FQO,  + OF 

(9,  36) 

OF,  + 2H,0 

► 4HF  + FCiO,  (221) 

OF*0  + H,0 

► SHF  + FCIO,  (226) 

HOF,  + IHONO,  — — ♦ IHF  + FCiO,  + C1F  + 2FNO,  (4/) 

aF,  + lHONO,  2HF+FaO,  + 2FNO,  (SI) 


ClFjO  + JCIOSO.F 

ClF*0  + aoso.F 

SCIF«  j.  VYIP. 

> 

S*0,F,  + FCIO,  + 2C1F  ) 
EO:F,  + FQO,  + C1F  ) 

| (266) 

/moe\ 

•OF.  + UOsF, 

4CJF  + T*0, 

* 

•v*  1 T XVIWJ  T VXJVA/l  (400) 

UF,  + FOO,  + C1F  (in,  119,  263) 
T»F,a  + Fao,  + ta,  (/«) 

2.  Molecular  Structure 

The  exact  structure  of  FCIO*  was  determined  by  Parent  and  Gerry 
(219,  220)  using  microwave  spectrosoopy.  The  molecule  was  shown  to 
have  Ct  symmetry  with  the  following  internuclear  parameters: 
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'(«<»  /u\  f(C,'F) 

1.418  ± 0.002  A/  \l.687  ± 0.003A 


jC  (OCJO)  2d  (FCIO) 
116.23f0.05*  101.72±0.03’ 

(XI) 


Values  were  also  reported  for  the  rotational  constants,  centrifugal 
distortion  constants,  and  the  chlorine  nuclear  quadrupole  coupling 
constants  of  the  three  isotopic  species  1WF3SC11#0*,  iaF37ClleO*,  and 
1#F35C1180180.  The  molecular  dipole  moment  was  found  to  be  1.722  ± 
0.03  D. 

The  pyramidal  structure  of  symmetry  Ct  for  FCIO*  was  also  confirmed 
by  vibrational  spectroscopy.  E.  A.  Smith  et  al.  (271)  and  Arvia  and 
Aymonino  (6)  reported  the  infrared  spectrum  of  the  gas.  D.  F.  Smith 
et  al.  (270)  studied  the  infrared  spectrum  of  the  gas,  measured  the 
“C1-*7C1  and  iaO-180  isotopic  shifts,  recorded  the  Raman  spectrum  of 
the  liquid,  and  carried  out  a normal  coordinate  analysis.  The  observed 
frequencies  and  their  assignment  are  summarized  in  Table  XIII. 

Andrews  and  oo-workers  have  recently  reported  (5)  35C1-37C1  and 
180-180  isotopic  shifts  for  the  infrared  spectrum  of  argon  matrix- 
isolated  FCIO*.  Tantot  (282)  has  studied  in  his  thesis  work  the  infrared 
and  Raman  speotra  of  the  gas,  the  Raman  spectrum  of  the  neat  liquid 
and  of  HF  solutions,  and  the  infrared  and  Raman  spectra  of  the  Bolid. 

Force  fields  for  FCIO*  were  computed  by  D.  F.  Smith  el  al.  (270), 
Robinson  et  al.  (238),  So  and  Chau  (272),  and  Tantot  (282).  The  force 
fields  computed  by  Smith  et  al.  (270),  So  and  Chau  (272),  and  Tantot 
(282)  agree  relatively  well  for  the  two  stretching  force  constants,  suggest- 
ing values  of  about  9.0  and  2.6  mdyn/A  for  /c io  and  feu?,  respectively. 
Exoept  for  Tantot’s  computation  (282)  which  did  not  give  plausible 
values  for  the  deformation  constants  (/„  > ft),  estimates  that  signifi- 
cantly deviate  from  the  actual  (220)  geometry  of  FCIO*  were  used  for 
these  computations.  Since  the  deformation  constants  are  more  likely 
to  be  angle-dependent,  a re  computation  using  the  exact  geometry  and 
the  observed  (270)  isotopic  shifts  is  desirable. 

Mean  square  amplitudes  of  vibration  were  calculated  by  Baran  (14) 
based  on  the  frequencies  and  estimated  geometry  reported  by  Smith 
et  al.  (270).  The  UV  absorption  spectrum  of  FCIO*  was  studied  by  Sicre 
and  Schumacher  (264)  and  Pilipovich  et  al.  (228).  From  a mass  spectro- 
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soopic  study  of  FClOj  (82)  and  using  a value  of  57  kcal  mole-1  for  the 
Cl— 0 bond  energy,  the  electron  affinity  of  FClOj  was  estimated  to 
be  >2.7  eV. 

The  1#F  NMR  spectrum  of  liquid  FC10*  at  -80°C  was  recorded  by 
Carter  ei  a l.  (43)  and  Christe  ei  al.  (61)  and  consisted  of  a single  peak  at 
* —328  or  —315  ppm,  respectively.  A signal  at  <f>  « —332  ppm  was 
tentatively  assigned  by  Alexakos  and  Cornwell  (2)  to  gaseous  FC!Ot. 

The  weak  and  highly  polar  Cl — F bond  in  FC10  can  be  rationalised  in 
terms  of  either  a (p — n*)o  bond  (see  Section  II,  C)  or  a simple  valence 
bond  model  (66)  resulting  in  a resonance  hybrid  of  the  following  canonical 
forms : FC10*  <-»  F~  + C108+.  It  has  been  discussed  in  detail  by 
Parent  and  Gerry  (220),  by  Carter  ei  al.  (43),  and  in  Section  II,  C of  this 
review. 

3.  Physical  Properties 

Chloryl  fluoride  is  colorless  as  a gas  and  liquid,  and  white  as  a solid. 
It  is  stable  under  normal  conditions  and  some  of  its  physical  properties 
are  summarized  in  Table  XIV.  Although  precise  measurements  of  some 


TABLE  XIV 

Soicx  Psopertles  or  FCIO* 


Property 

Value 

Ref. 

Melting  point 

— J 16e  or  —123.0“  ± 0.4°C 

(IS,  16,  256) 

Boiling  point 

« — 6“C 

(266) 

d-Hfoslos 

1.440  kcal  mole-1 

(15,  13) 

■diSfatlot 

0.60  e.u. 

(15,  16) 

AHnp 

6.?  kcal  mole-1 

(256) 

Trouton  constant 

23.2  e.u. 

(256) 

AUaf  in  <*> 

—8.1  ± 2.5  kcal  mole-1 « 

(15,  16) 

Dipole  moment  (g) 

1.722  ± 0.03  D 

(220) 

• Corroctc  11  for  dHe/Hr(f)  ■>  — 65.14  kcal  mole-1  (83). 


of  its  spectroscopic  properties  have  recently  been  undertaken  (220,  282), 
most  of  its  physical  properties  are  either  still  unknown  or  were  deter- 
mined (256)  at  a time  when  oorrosion -resistant  metal-Teflon  vacuum 
systems  were  not  yet  available.  It  was  shown  by  vibrational  spectroscopy 
(282)  that  solid  FC10X  between  -263UC  and  its  melting  point  exists  only 
in  one  phase.  Neutron  diffraction  data  obtained  for  this  phase  at— 196°C 
(282)  were  tentatively  indexed  baaed  on  a monoclinio  unit  cell  with 
a »■  8.7,  b -«  6.2,  c — 4.7  A,  j3  — 96°,  and  Z — 4,  similar  to  that  of  CJF*. 
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Tantot  et  al.  (190,  282,  283 ) also  studied  association  effects  in  the  liquid 
phase  using  vibrational  spectroscopy,  pulse  19F  NMR  spectroscopy,  and 
conductometric  measurements.  They  suggest  a dipolar  dynamic  inter- 
action resulting  in  short-lived  associated  forms  and,  possibly,  a short- 
range  local  order  observable  on  a vibrational  but  not  on  an  NMR  time 
scale.  The  specific  conductivity  of  FC102  in  the  temperature  range 
—120°  to  23°C  varies  according  to  Martin  and  Tantot  (190)  from  1.2  to 
3.12  pS  cm-1  (— 10“®  ohm-1cm-1).  The  observed  conductivity  was  taken 
as  evidence  for  self-ionization : 

2FCJO*  i > C10.+  + ClOiF,- 

However,  more  conclusive  evidence  is  required  in  view  of  the  reluctance 
of  FClOj  to  form  C102F 2“  anions  (see  Section  III,  F,  4)  and  of  its  known 
reactivity  which  renders  the  preparation  and  handling  of  very  pure 
FC10S  quite  difficult.  The  vapor  pressure  of  FC102  as  a function  of  the 
temperature  was  measured  by  Schumacher  et  al.  (8, 256),  and  is  listed  in 
Table  XV.  It  can  be  described  by  the  equation  log  P(mm)  — 8.23  — 

TABLE  XV 

Vapor  Pressures  or  Chloryl  Fluoride 


°C  -78  —65.fi  -fifi  -45.5  -38  -30.2  -23.8  -17.2  -8.7  -6.3 

mm  of  Hg  8.8  25.2  65.0  103.8  161.4  244  338  450  645  740 


[1412/jT(°K)].  Several  thermodynamio  properties  of  FC102  have  been 
estimated  by  Rips  et  al.  (235)  by  means  of  correlation  increments  using 
only  the  boiling  point  of  the  substance.  Whereas  the  correct  boiling  point 
of  FClOt  was  used,  its  structure  was  erroneously  assumed  to  be  that  of  the 
hypofluorite  F — O — C1=0. 

4.  Chemical  Properties 

Chloryl  fluoride  is  stable  at  ambient  temperature  in  well-passivated 
and  dry  containers.  Its  thermal  decomposition  in  quartz  was  studied  by 
Schumacher  et  al.  (24,  137).  It  reaches  a measurable  rate  only  above 
30G°C.  The  decomposition  reaction  is  monomolecular  and  its  rate  is 
pressure-dependent.  The  activation  energy  was  calculated  to  be 
45  ± 2 kcal  mole-1  and  the  rate  oonstant  was  determined  as  km  — 2.3  x 
10l*  x 10-4SOOO/4-4r  sec-1.  The  following  decomposition  mechanism  was 
proposed: 
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FClOi  FCIO  + C 

O + FClOi  *■  FCIO  + 0» 

2FC10  ► 2C1F  + O, 

However,  based  on  our  present  knowledge  about  FCIO  (see  Section 
HI,  A),  a more  likely  decomposition  mode  for  FCIO  in  the  above  mech- 
anism would  be 

2 FCIO  ► C1F  + FCIO, 

The  thermal  decomposition  of  FCIO*  in  Monel  was  studied  by  Macheteau 
and  Gillardeau  (1S3).  Decomposition  to  C1F  and  02  was  observed  at 
100°C  (2.5%  in  144  hr)  and  200°C  (10%  in  235  hr),  but  a temperature 
>250°C  was  required  for  rate  measurements.  It  was  found  that  the 
decomposition  is  of  first  order  and  monomolecular  at  temperatures  up 
to  285°C.  At  300°C  the  reaction  becomes  second-order.  The  calculated 
rate  constants  and  half-life  times  are  summarized  in  Table  XVI.  The 


TABLE  XVI 

Thebhax.  Decomposition  op  FCIOj  in  Monel* 


Temp. 

rc) 

Initial 
press,  of 
FCIOj  (mm) 

Average  rata 
constant 
(sec-1) 

Half-life 

250 

52 

6.8  x 10-* 

20  hr 

250 

101 

8.5  x 10-« 

22  hr  30  min 

270 

52 

1.8  x 10~s 

10  hr  30  min 

285 

52 

2.8  x 10-® 

6 hr  40  min 

* Data  from  Macheteau  and  Gillardeau  (183). 


average  activation  energy  between  250°  and  286°C  was  found  to  be 
23.7  kcal  mole-1.  The  results  at  temperatures  >300°C  agree  with  those 
reported  by  Schumacher  et  al.  (137)  for  the  quartz  reactor.  Glass  is  only 
slowly  attacked  by  FCIOj  at  room  temperature,  but  traces  of  HF  or  HsO 
catalyze  the  reaction  (90,  265).  Chloryl  fluoride  reacts  with  water  (9,  36) 
and  anhydrous  nitric  acid  (51)  according  to 

2FC10|  + H,0  *■  SHF  + 2C10t  + *0, 

and 

SFClOi  + 2HONO.  ► 2IZF  + 2CJ03  + N*0»  + |Oi 

Both  reactions  are  relatively  slow  and  do  not  go  to  completion  in  several 
hours  at  room  temperature  (9,  36,  51).  In  addition,  some  of  the  CiOt 
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formed  can  decompose  to  Cl2  and  02  and  the  nascent  oxygen  can  oxidize 
FCIO,  to  FCIO,  which  is  resistant  to  hydrolysis : 

FCIO,  + O *•  FCIO, 

These  results  differ  from  the  previous  report  by  Schmeisser  and  Fink 
(255)  that  the  reaction  between  FCIO,  and  HONO,  proceeds  at  — 30°C 
according  to  (46) 

2FCIO1  + 2HONO*  *■  NO, CIO*  <-  CIO,  + NO,  + 2HF 

The  statement  made  in  Gmelin  (122)  and  attributed  to  Bode  and  Klesper 
(31)  that  FClOj  hydrolyzes  to  FCIO,  and  H2)  is  obviously  incorrect. 
Hydrolysis  of  FCIO,  with  base  (253,  264,  296)  proceeds  as  follows : 

FCIO*  + 20H  ► CIO,-  + F-  + H,0 

Traces  of  H,Q  in  FC102  generate  a red-brown  color  (256)  which  is 
probably  due  toC102.  With  NH,  it  ignites  at  — 78°C  and  the  end  products 
are  NH4C1  and  NH4F  (99).  The  observation  of  a weak  band  at  1062  cm-1 
in  the  Raman  spectra  of  FCIO*  in  dilute  HF  solutions  in  addition  to 
strong  bands  due  to  FCIO*,  was  interpreted  (283)  in  terms  of  the 
equilibrium : 

HF  FCIO,  ► 010,+  + HF,- 

With  HC1,  chloryl  fluoride  reacts  (255)  at  -110°C  according  to 
HC1  + FCIO,  ► HF  + CIO,  + iCl, 

With  the  stronger  reducing  agent  HBr,  it  reacts  explosively  at  — 110°C 
(99).  With  HOSO,F,  at  -78°C  (99)  it  forms  the  stable  CIO,  ^S0,F, 

FCIO,  + HOSOjF  ► HF  + C10,OSO,F 

but  with  HOSO,Cl  at  — 90°C,  only  the  decomposition  products  of  the 
analogous  C1020S0,CJ,  i.e.,  SO,,  CIO,,  and  Cl,,  are  obtained.  With 
anhydrous  HOCIO,,  the  following  reaction  occurs  (87,  252) : 

FCIO,  + HOCIO,  * HF  + ClOjOCIO, 

Sulfur  trioxide,  at  — 10°C  in  CFC1,  solution,  undergoes  an  insertion 
reaction  to  yield  the  orange  solid  (mp  » 27°C)  CIO,OSO,F  (254).  The 
same  compound  was  also  obtained  (296)  in  the  abaenoe  of  a solvent : 

FCIO,  + 80,  ► C10,O80,F 

With  the  strong  reducing  agent  SO,,  chloryl  flucide  reacts  explosively 
at  — 40°0  (99).  When  1X110,  and  1,0,  are  combined  at  — 196°C,  then 
warned  to  —60°  to  — 20°C,  I,06  is  dissolved  with  formation  of  O,,  IF,, 
C10„  C1,0„  and  C1,07  (294). 
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Chloryl  fluoride  is  a fluorinating  agent  and  a moderately  strong 
oxidize: . Thus  it  can  fluorinate  AbF,  to  the  pentafluoride  (294) : 

3FCIO,  + A»F,  * C10,+A«F,-+  2C10, 

Sulfur  tetrafluoride  is  oxidized  by  FC102  at  50°-300°C  to  yield  a mixture 
of  SF«,  SF40,  auo  SF-Oj  (4).  Similarly,  N2F4  is  fluorinated  at  30°C  to 
give  a mixture  to  NF„  FN02,  and  FNO  (223).  Uranium  tetrafluoride 
can  be  oxidized  by  FC102  to  UFS  and  UF„,  the  latter  step  requiring  a 
reaction  temperature  between  50°  and  150°C  (27).  Meta]  chlorides  are 
converted  by  FC10S  into  metal  fluorides,  most  of  which  can  form  C102+- 
containing  salts  when  an  excess  of  FC102  is  used.  Typical  examples  are 
SbClj,  SnCl4,  and  TiCl4  which  are  converted  to  C102+SbFe~,  (C102+)2- 
SnFat-,  and  (C10I+)1TiF4t_,  respectively.  Aluminum  trichloride  is 
converted  to  A1F*  (99,  255).  Oxides,  such  as  I2Os  (see  above),  Si02, 
SbjOs,  and  B202  can  be  converted  by  FC10t  at  — 10°C  to  SiF4,  C102+- 
SbF*-,  and  C102+BF4~,  respectively  (87).  At  50°-100°C,  U02F2  reacts 
only  slowly  with  FC10S,  but  at  1 50°C  with  contact  rimes  of  30  min,  UFe, 
Cli,  and  02  are  formed  (178, 179)  according  to 

4FC10,  + UOfFi  » UF.  + 2Clj  + 60» 

Only  one  reaction  was  reported  in  which  FC102  was  oxidized  from  the 
penta-  to  the  hepta valent  state  (49,  52,  69).  The  powerful  oxidizer  PtF6 
was  required  to  obtain  the  following  reaction : 

iFCtO,  + ZPtF4  ClFiO,-PtF»-  + C10i*PtFc" 

Chloryl  fluoride  was  converted  to  C1F*0  by  UV-photolysis  of  systems 
containing  mixtures  such  as  FC102-F2,  FC102-C1F,  FC102-C1F2,  and 
FC102-CIF6  (228,  240).  These  reactions  probably  do  not  involve  a direct 
oxygen-fluorine  exchange  in  FC102,  since  C1F*0  can  be  synthesized  by 
the  same  technique  either  directly  from  the  three  elements  or  from  C1F# 
and  oxygen  (228). 

Chloryl  fluoride,  like  most  of  the  other  known  chlorine  fluorides  and 
oxyfluorides,  possesses  amphoteric  character.  Owing  to  its  weak  and 
polar  (p — n*)a  Cl — F bond  (see  Section  II,  C),  it  exhibits  a much  stronger 
tendency  to  form  adducts  with  Lewis  acids  than  with  Lewis  bases.  The 
adducts  with  Lewis  adds  result  in  salts  containing  C102+  cations,  and 
those  with  bases  result  in  C102F2~  salts.  Both  ions  are  discussed  in  detail 
in  Sections  III,  G and  H,  respectively. 
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fluoride  oxides,  it  was  included  in  thiB  review  since  it  is  a true  derivative 
of  FCIO,. 

The  existence  of  FC10t  adducts  with  BF,,  AsF„  PF,,  SbF,,  SiF4, 
SO,,  and  TaF,  was  first  reported  in  1954  by  Schmeisaer  and  Ebenhdch 
(87,  25$)  and  Woolf  (296).  In  1957,  Schmeisser  and  Fink  obtained 
(99,  255)  adducts  with  TiF,  and  SnF,.  In  1958,  Clark  and  Emeleus 
described  (73)  the  existence  of  a VF,  adduct,  more  recently  Christo 
(52)  obtained  a PtF,  and  IrF,  adduct,  and  Yeats  and  Aubke  (298a) 
prepared  C10,+  [AsF, (SO, F)]-  from  C10,S0,F  and  AaFs. 

In  a previous  review  (253)  the  adducts  of  FCIO,  with  the  stronger 
Lewis  acids,  such  as  AsF,  or  SbF,,  were  considered  to  be  ionic  and  to 
contain  C10,+  cations.  However,  the  corresponding  BF,  and  PF, 
adducts  wore  assumed  to  be  molecular  adducts.  In  1 968,  Carter  el  al.  (44) 
reported  evidence  for  the  existence  of  solvated  CIO,4  ions  in  HSO,F 
solution.  Since  then,  vibrational  spectroscopy  has  successfully  been  used 
to  establish  the  ionic  nature  of  solid  CIO,4 AsF,-  (43,  66),  C10,4BF4“ 
J6,  155,  157),  C10,4SbF,-*xSbF,  (42,  43,  155,  157),  C10,4C104-  (221), 
CKVPtF,-,  and  ClOi+IrF,"  (52). 


1.  Syntheses  and  PropertU* 

Salta  containing  the  CIO,4  cation  can  be  prepared  either  by  direct 
combination  of  FCIO,  with  the  corresponding  perfiuorinated  Lewis  acid 
with  (254)  or  without  a solvent  (43,  66,  73, 155,  209,  296),  by  the  inter- 
action of  FCIO,  with  oxides  (87),  chlorides  (99,  255),  and  lower  (294)  or 
higher  (52)  oxidation  state  fluorides,  or  by  interaction  of  the  perfluorin- 
ated  Lewis  acid  with  chlorine  oxides  (210,  247).  The  latter  reactions, 
however,  produce  nonvolatile  XF,0  as  a by-product : 


«C1,0  + 3XF, 
50,0  + 78bF» 
SCIO,  + SSbFt 
fiC10«+  14SbF, 
a,0«  + 18bF, 


JCSO,+XF»-  + XF,0  + 4C1,  (X  - A.,  8b) 
*30,»8b,Fi,-  + SbFtO  + 4CI, 
400,+SbF,-  + I8bF,0  + JC1* 
*00,*8b»Fu-  + 28bF(0  + *C1, 

<30,  •’SbF,”  + 8bF,0  + FCIO, 


Of  the  above  approaches,  the  direct  combination  of  FCiO,  with  the 
corresponding  Lewis  acid  is  generally  the  most  convenient.  It  yields  well- 
defined  products,  except  for  cases,  such  as  SbF,  (210)  or  TaF,  (296), 
where  polyanion  formation  is  possible.  From  the  FC10,-SbF8  system, 
depending  on  the  ratio  of  the  starting  materials  and  the  reaction 
conditions,  only  C10,4SbF,“,  C30,4Sb,Fj,“,  or  a mixture  of  the  two  but 
no  C10,4Sb,Fu-,  were  obtained  (210).  However,  single  crystals  of 
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C10,2 * 4Sb,Fu-  have  been  obtained  by  Edwards  and  Sills  (88a)  by  the 
interaction  of  ClFt+SbFs”  solutions  with  glass. 

• The  FC10,  adducts  are  generally  white  solids,  except  for  the  yellow 
PtF*“  and  IrF,-  salts  (52)  and  for  FC10,S0,  which  was  reported  to 
be  a red-to-pale  yellow  low-melting  solid  (296).  The  properties  of  the 
latter  compound  indicate  that  in  the  liquid  phase  it  may  exist,  by 
analogy  with  C1,0,  (221),  in  its  covalent  form,  i.e.,  0,C10SO,F.  The 
ionioity  of  chloryl  fluoroeulfate  was  also  discussed  (298)  in  a paper 
dealing  with  the  liquid  range  of  fluorosulfates.  The  literature  reports  on 
the  thermal  stability  of  the  CIO,4  salts  are  rather  sketchy.  In  addition  to 
the  data  given  in  Table  IV  of  Schmeisser’s  review  (253),  stability  data 
were  published  only  for  the  BF,  and  the  SbF,  adducts.  The  FC10,-BF, 
adduct  reaches  a dissociation  pressure  of  1 atm  at  44.1°C  (66),  whereas 
C10t4SbF«-  (mp  - 220-225°C)  and  C10,4Sb,F„-  (mp  - 60-53°C)  are 
stable  up  to  300°  and  200°C,  respectively  (209).  The  PtF j-  and  IrF,-  salts 
of  CIO*4  are  stable  at  room  temperature  (52).  It  should  be  pointed  out 
that  Table  IV  of  Schmeisser  (253)  implies  that  the  thermal  stability  of 
the  PF,“  salt  is  higher  than  that  of  the  BF,“.  However,  for  related 
cations  the  reverse  is  true,  and  it  appears  that  the  data  cited  might  be 
inaccurate. 

X-Ray  powder  diffraction  data  have  been  reported  for  C10*4AsF#~ 
(66)  and  for  C10,4SbF,-  and  C10,4Sb,F„-  (209).  All  the  CIO,4  Balts 
react  violently  with  organic  compounds  and  water.  With  stronger  Lewis 
bases,  suoh  as  NO,  NO,,  C1N0,  (99.  255),  FNO,  and  FNO,  (51,  68),  the 
following  type  of  displacement  reactions  can  be  carried  out: 

ClO,+A«F*-  + NO.  » NO,+A»F»-  + CIO, 

CUVAsF.'  + C3NO,  ► NO,*A«F«-  + CIO,  + JC1, 

CKVPtF,'  + FNO. ► NO,*  PtF,-  + FCIO, 

2.  Molecular  Structure 

The  CIO,4  cation  has  been  well  characterized  by  vibrat  ional  spectro- 

soopy  (42,  43,  66, 165, 157).  Characteristic  frequencies  and  intensities  for 
CIO,4  are  summarised  in  Table  XVII.  The  observed  ,4C1-*’C1  isotopic 
shifts  were  used  to  calculate  the  bond  angle  of  CIO,4.  It  was  shown  that 
the  cation  is  sharply  bent  and  that  the  bond  angle  approximates  120°  (66, 
155).  Force  constants  were  oomputed  as  a function  of  the  CIO,4  bond 
angle  (66,  155)  and  the  preferred  set  of  constants  is  included  in  Table 
XVII.  The  value  of  8.90  mdyn obtained  (66)  for  the  CIO -stretching 
force  constant  of  CIO,4  demonstrates  that  the  CIO  bond  has  double- 
bond character  (see  Table  I). 
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TABLE  XVH 

Characteristic  Frequencies*  and  Internal  Force 
Constants*  or  CIOs'* 


Obsd.  freq.  (cm'1)  sod 
in  tensities 


IB  Raman 


Assignment  in  point 
group  Cu 


1206.4  m 

1206.4  (1) 

I'M 

“CIO* 

1282.6  mw 

— 

v»(Bi) 

“CIO* 

1043.7  mw 

1044.4  (10) 

vi(Ai) 

*. 

«cio* 

1038.3  w 

1030.1  (4) 

vi(Ai) 

Ml 

*»C10* 

521.0  m 

521.3  (3) 

m*(Ai) 

& 

“CIO* 

517  oh 

— 

m*(Ai) 

5 

*’C10i 

fT  • 8.96  ± 0.06  mdyn/A 
frr  “ —0.45  ±0.13  mdyn/A 
f„  m 0.24  ± 0.13  mdyn/A 
/.  » 0.82  + 0.03  mdyn/A 


* Tsken  for  C10*+AsF»"  from  Christo  el  al.  (66). 

* Calculated  for  * OCIO  « 120°. 

These  conclusions  concerning  the  stnicture  of  C10,+  were  recently 
confirmed  by  Edwards  and  Sills  (88a)  who  carried  out  a crystal  structure 
determination  for  C10i+SbtF1J''.  They  found  the  010*+  ion  to  be  V- 
shaped,  with  an  0-C1-0  angle  of  122°  and  a mean  Cl-0  bond  length  of 
1.31  A. 


H.  Difluorochlorate(V)  Anion 

The  existence  of  difluorochlorates  of  sodium,  potassium,  and  barium 
was  reported  in  1 965  by  Mitra  (195).  However,  this  claim  was  met  by 
skepticism  since  the  reported  synthesis  involved  the  use  of  40%  aqueous 
hydrofluoric  acid.  In  a subsequent  paper  (196),  Mitra  withdrew  his  claim. 
In  1969,  Huggins  and  Fox  reported  (141, 142)  the  synthesis  of  CsClFtO* 
from  CsF  and  FC10t,  and  a subsequent  spectroscopic  study  by  Christe 
and  Curtis  showed  (54)  that  the  vibrational  spectrum  of  the  adduct  is 
consistent  with  a QFtOt~  anion  of  symmetry  Ctt. 

• I.  Synthesis  and  Properties 

The  synthesis  of  GsCiFtO*  can  be  readily  achieved  by  the  interaction 
of  dry  CsF  with  excess  FC10*  at  room  temperature  (141,  142).  In  the 
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original  work  (141, 142),  activated  CsF  was  used  which  was  obtained  by 
vacuum  pyrolysis  of  the  CsF-hexafluoroacetone  complex.  The  conver- 
sion of  CsF  to  CsClFt02  was  87% . When  ordinary  CsF  (dried  by  fusion  in 
a platinum  crucible  and  powdered)  was  used  (54),  the  conversion  of  CsF 
to  CsC1F202  was  73%. 

The  CsC1F£02  adduct  is  a white  solid,  stable  at  25°C.  Vacuum  pyroly- 
sis at  80°-100°C  yields  CsF  and  FCIO*  (142),  demonstrating  that  the 
formation  reaction  is  reversible.  It  fumes  in  moist  air  and  reacts  explo- 
sively with  water  (142).  Controlled  hydrolysis  (54)  proceeds  according  to 


OF.O,-  4*  HjO 


CIO,~  + 2HF 


2.  Structure 


The  nature  of  the  CsC1F202  adduct  was  established  (54)  by  vibrational 
spectroscopy.  The  observed  spectra  were  consistent  with  a ClFtOx~ 
anion  possessing  the  following  structure  of  symmetry  C&: 


i L+»° 

i— 9C 

I **o 

F 

(XII) 


The  observed  bands  and  their  assignments  are  summarized  in  Table 
XVIII.  A normal  coordinate  analysis  was  carried  out  (54)  for  ClFxO*~ 
assuming  the  following  geometry:  .R(CIO) - 1.43  A,  r(ClF)~  1.79  A, 
<x(Z0C10)  - 120°,/3(Z.OC1F)  - 90°,  and  (/.  FC1F)  - 180°.  The  actual  bond 
angles  are  expected  to  deviate  slightly  from  this  ideal  geometry  owing  to 
increased  repulsion  from  the  free  valence  electron  pair  on  Cl  (see  Section 
II,  A).  The  internal  force  constants  of  C1F202“  are  summarized  in 
Table  XIX.  As  can  be  seen  from  Table  I and  the  general  discussion  in 
Section  II,  C,  the  CIO  bonds  in  C1F20£-  have  double-bond  character  and 
the  C1F  bonds  are  as  expected,  semi-ionic  3 oenter-4  electron  bonds.  The 
polarity  of  the  latter  is  increased  further  by  the  formal  negative  charge 
and  the  high  degree  of  oxygen  substitution.  The  combination  of  these 
effects  results  in  the  lowest  ClF-stretching  force  constant  value  found  to 
date  for  any  C1F  bond.  As  demonstrated  for  several  other  oxyfluoride 
taJo  os  (see  Section  III,  D),  the  negative  charge  in  C1F20£~  resides  mainly 
on  tie  ligands  having  the  highest  electronegativity,  i.e.,  on  the  fluorine, 
and  not  on  the  oxygen  atoms. 
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TABLE  XVm 

Vibrational  Spectrum  or  Cs+ClF*Ot-  and 
Its  Assionmxmt* 


Obsd.  freq.  (cm-1)  and 

Assignment 

Approx. 

for  XOfFs  in 
point  group  Cgv 

description 
of  vibration 

IR 

Raman 

1225  1 

1191 1 " 

1221  (0.8) 
(1076(10) 

ft(Bt) 

•WXO*) 

1070  s 

< 1064 

yi(  Ai) 

«(X  0,) 

1.1055 

589  m 

559  (1.2) 

ps(Ai) 

S.(XO,) 

510  vs,  br 

f«(XF,) 

480  (1),  br 

ys(  As)? 

r 

S30-370  m 

I 363  (10) 

1 337  (8) 

p*<  Ai) 

y?( Bi),  y»(Bt) 

•'s(XFs) 

5 rock* 

198  (0.7) 

y*(  Ai) 

S.(X  Ft) 

* Data  from  Christe  and  Curtis  (54). 


TABLE  XIX 


Force  Constants  or  ClF*Ot~  •> 


in 

8.3 

J, 

1.2 

inn 

0.1 

Ur 

0.57 

Jr 

1.6 

U s 

0.1 

frr 

U 

-0.1 

1.95 

iff  -Jrr 

0.3 

* Data  from  Chris te  and  Curtis 
(54). 

* Stretching  force  constants  in 
sndyn/A,  deformation  constants  in 
mdyn  A/radian*,  and  stretch-bend 
interactions  in  mdyn/radian. 


I.  Chlorine  Triflu o rlde  Dioxide 

A compound  having  the  empirical  composition  (C1F,0*)*  was 
reported  in  1962  by  Strong  and  Grosae  (128,  276 , 278).  It  was  obtained 
f . by  the  interaction  of  either  Ot)  C1F,  or  HC1  with  OsF,  between  — 154°C 
j and  — 143°C  or  by  UV  photolysis  of  C1F,  and  Oj  mixtures  at  — 78°C.  Both 
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methods  produced  the  same  product,  a violet  unstable  solid,  , which 
irreversibly  decomposed  above  — 78°0.  In  a subsequent  study  of  the 
infrared  and  visible  spectra  of  these  products,  Gardiner  and  Turner 
(108,  109)  proposed  the  structure  F2C100F  for  the  violet  compound. 
However,  both  the  synthetic  and  the  spectroscopic  studies  are  not 
convincing  and  further  work  is  required  to  establish  the  composition  and 
structure  of  this  violet  species. 

A well-defined  and  characterized  compound,  having  the  composition 
C1F,02  and  showing  no  resemblance  to  Strong  and  Grosse’s  violet 
compound,  was  reported  in  1 972  by  Christe  (50).  This  work  is  an  excellent 
example  for  the  perfection  of  handling  techniques  for  extremely  reactive 
oxidizers.  Thus  the  physical,  chemical,  and  spectroscopic  properties  of 
CIFjOj  and  of  its  ClFtO*+  adducts  were  determined  from  a total  of 
2.2  mmol  of  material.  The  fact  that  C1F302  as  a powerful  oxidizer  is 
readily  reduced  to  FC102  which  cannot  be  removed  from  C1F302  by 
simple  fractionation  (see  below),  rendered  the  handling  of  this  compound 
puarticlarly  difficult. 

1.  Synthesis  and  Properties 

The  synthesis  of  C1F202  is  best  described  by  the  following  reaction 
sequence : 

2FC10»  + 2PtF.  *•  CIF.OrPtF.-  + ClO.+PtF,- 

Several  side  reactions  compete  with  this  reaction  and  the  yield  of 
C1F202+  varies  greatly  with  slight  changes  in  the  reaction  conditions 
(52,  68).  The  ClF|Ot  is  then  displaced  from  its  C1F202+  salt  according 
to 

OFVVPtF*-  + CiOt+PtF«-  + 2FNO*  * 2NO,*PtF,-  + CIF,Ot  + FClOi 

Chloryl  fluoride  is  slightly  less  volatile  than  C1FS02,  and,  therefore,  most 
of  it  can  be  removed  from  C1F302  by  fractional  condensation  in  a 
— 112°C  trap.  The  remaining  FC1G2,  however,  has  to  be  removed  by 
complexing  with  BF( : 

C1F»0*  + FClOi  + 2BFi  *•  C3F»<VBF4-  + C10*+BF«- 

i Since  C1F202+BF4“  is  stable  (69)  at  20°C,  whereas  C102+BF4-  is  not  (66), 

j the  latter  can  be  pumped  away  at  20°C.  The  resulting  pure  C1F202+BF4“ 

I is  then  treated  with  an  excess  of  FN02  and  the  evolved  C1F302  and 

I unreacted  FNO(  are  readily  separated  by  fractional  condensation 

| through  a series  of  - 1 28°  and  - 1 96°C  traps : 

i OF|0.+BF«-  + FNOj  HO*+BF4-  + C1F»0, 
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The  overall  yield  of  pure  ClFjO*  based  on  the  PtF4  used  in  step  1 was 
found  to  be  about  10  moie%. 

Pure  ClF,Ot  is  colorless  as  a gas  or  liquid  and  white  as  a solid.  Some 
of  its  measured  (68)  physical  properties  are  summarized  in  Table  XX. 
Near  its  melting  point  the  vapor  pressure  above  liquid  ClFjOt  was  found 
to  be  reproducibly  lower  than  expected  from  the  vapor  pressure  curve 
given  in  Table  XX.  This  indicates  that  close  to  the  melting  point  Borne 
ordering  effect  occurs  in  the  liquid. 

Thte  measured  vapor  density  of  C1FS02  indicates  that  no  appreciable 
association  occurs  in  the  gas  phase.  Its  relatively  low  boiling  point  and 
Trouton  constant  imply  little  association  in  the  liquid  phase.  This 
prediction  is  confirmed  by  the  vibrational  spectra  of  the  liquid  and  the 
neat  solid  which  exhibit  only  minor  frequency  shifts  when  compared  to 


TABLE  XX 

Soke  Piomnta  or  ClF*Oa* 


Property 

Vftlue 

Melting  point 

— 81.2°C 

Boiling  point 

— 21.68  °C 

6.67  kcal  mole-’* 

Trouton  oonstant 

22.13e.it. 

Vapor  pro** ure 

1217.2 

LogP(min)-  7.719  - y („K) 

• Data  from  Chrute  and  Wilson  ( 68 ). 


the  spectra  of  the  gas  and  the  matrix-isolated  solid.  This  finding  is 
some..'  at  surprising  ainoe  both  ClFt  (102)  and  C1FS0  (55,  226)  show  a 
pronounced  tendency  to  associate  in  the  liquid  and  solid  state  through 
bridges  involving  the  axial  fluorine  atoms. 

The  thermodynamic  properties  were  computed  with  the  molecular 
geometry  and  vibrational  frequencies  given  below  assuming  an  ideal  gas 
at  1 atm  pressure  and  using  the  harmonic-oscillator  rigid-rotor  approxi- 
mation. These  properties  are  given  for  the  range  0°-2000°K  in  the 
Appendix  (Table  All). 

Chlorine  trifluoride  dioxide  resembles  chlorine  fluorides  and  oxy- 
fluorides  in  its  corrosive  and  oxidizing  properties.  It  must  be  handled  in 
systems  consisting  of  corrosion-resistant  metals,  Teflon,  or  sapphire.  It 
appears  to  be  marginally  stable  in  a well-passivated  system  at  ambient 
temperature.  It  is  a strong  oxidative  fluorinator  as  evidenced  by  its 
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tendency  to  fluorinate  metal  surfaces  to  metal  fluorides  with  FC102 
formation.  It  reacts  explosively  with  organic  materials  and  care  must  be 
taken  to  avoid  such  combinations.  The  hydrolysis  of  C1F,02  was  not. 
quantitatively  studied ; however,  on  one  occasion  a slight  leak  in  an 
infrared  gas  cell  containing  C1Fj02  resulted  in  the  formation  of  FC10, 
and  HF  indicating  the  following  reaction. 

OF»0*  + H*0  FClOj  + SHF 

Chlorine  trifiuoride  dioxide  forms  stable  adducts  with  strong  Lewis 
acids,  such  as  BF,.  AsFa,  or  PtFs  (49,  68,  69).  These  adducts  have  ionic 
structures  containing  the  C1F202+  cation  (see  Section  III,  I,  2).  The  high 
stability  of  these  adducts  can  be  explained  by  the  change  from  the 
energetically  unfavorable  trigonal-bipyramidal  structure  of  C1FS02  to 
the  more  favorable  tetrahedral  C1F202+  configuration  (see  Section  II,  D). 
Contrary  to  C1FS  (295),  but  by  analogy  with  ClFaO  (64),  it  does  not  form 
stable  adducts  with  FNO  or  FN02  at  temperatures  as  low  as  — 78°C. 
This  was  demonstrated  by  the  various  displacement  reactions  where 
C1F,02  and  unreacted  FNO  or  FN02  could  be  readily  removed  from  the 
reactor  at  — 78°C.  With  the  stronger  base,  CsF,  it  did  not  form  a stable 
adduct  but  decomposed  to  FC102  and  F2.  However,  only  relatively  small 
amounts  of  C1Fj02  wt  re  available  for  the  complex  formation  study  with 
CsF,  and  the  possibility  of  preparing  salts  such  as  Cs+C1F402“  under  more 
favorable  reaction  conditions  cannot  entirely  be  ruled  out. 

2.  Molecular  Structure 

Vibrational  (57)  and  I9F  NMR  (68)  spectroscopy  were  used  to  estab- 
lish for  ClFt02  the  following  structure  of  symmetry  Cm,  which  according 
to  semi-empirical  linear  combination  of  atomic  orbitals-molecular 
orbitals  (LCAO-MO)  self-consistent  field  (SCF)  calculations  (239)  is 
most  stable : 

F 

F-^° 

|N> 

F 

(XIII) 

The  !8F  NMR  spectrum  of  liquid  CIFjOj  was  measured  in  the 
temperature  range  —20’  to  — 80°C.  It  showed  at  all  temperatures  one 
partially  resolved  signal  centered  at  —413  ppm  below  the  external 
standard  CFC1,.  The  observed  signal  is  in  exoellent  agreement  with  an 
AB2  pattern  with  J jvJS  ■-»  1.0  and  Jyr  — 443  Hz.  The  low  chemical  shift 
of  —413  ppm  for  C1F202  is  in  excellent  agreement  with  a heptavalent 
chlorine  fluoride,  and  the  fluorine-fluorine  coupling  constant  of  443  Hz 
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observed  for  C1FS02  is  similar  to  that  of  421  Hz  observed  for  the  struc- 
turally related  C1FS  (61),  Additional  support  for  the  above  structure  was 
derived  from  the  fact  that  the  B2  part  of  the  AB2  pattern  occurs  downfield 
from  *the  A part  as  expected  for  the  axial  fluorine  atoms  in  a trigonal 
bipyramidal  arrangement  (120,  200). 

i The  infrared  spectra  of  gaseous,  solid,  and  matrix-isolated  C1F,0* 

and  the  Raman  spectra  of  gaseous  and  liquid  C)FaOg  were  reported  (57) 
' and  are  summarized  in  Table  XXI.  The  observed  data  are  in  excellent 

| TABLE  XXI 

< Vibrational  Spectrum  op  CIFjOj  and  Its  Assignment  in  Point  Group  C*»  * 


DR  (cm-1) 

Ba  (cm-1) 

Assignment 
forClFjO* 
in  point 
group  Cu 

Approx,  description  of  mode 

1093  s 

1093  (4)  p 

Ai 

VI 

Sym  CIO*  str 

083  m 

683  (10)  p 

V* 

ClF*j  str 

619  w 

520  (8)  p 

va 

CIO*  scissor 

487  vw 

487  (0)  p 

p« 

Sym  FuCIFu  str 

287  w 

285  (1) 

VI 

FUC1FU  scissor  in  ClFs  plane 

(417)# 

402  (0+) 

A* 

v« 

Torsion 

095  vs 

Bx 

V7 

Antisym  F»xClF„  Btr 

592  s 

586  (Of) 

p* 

CIO*  wag 

372  w 

PS 

Antisym  F«jC1Fk*  def  in  C1F*  plane 

1327  vs 

1320  (0+) 

PI0 

.Antisym  CIO*  str 

631  m 

530(1) 

p« 

CIOs  rock 

€ 

222(1) 

vis 

FuClF„  scissor  out  of  C1F*  plane 

* Data  from  Christa  and  Curtis  (57). 

* Observed  only  for  solid  CLFjO*. 

c Below  frequency  range  of  spectrometer  used. 


agreement  with  the  preceding  model  (XIII)  of  symmetry  C*t>.  A normal 
coordinate  analysis  was  carried  out  for  C1F*02  assuming  *he  following 
| geometry:  D(C10)*1.40  A,  R(ClF*q)  — 1.62  A,  r(ClF*x)  »=  1.72  A., 

! «(0C10)  - 130°,  0(FtqClF*x)  - S(OC1Fm)  - 90°,  and  y(OClFeu)  - 1 15°, 

based  on  the  observed  geometries  of  CIF*  and  FC10a  and  a correlation 
between  CIO  bond  length  and  stretching  frequency.  The  deviation  of  the 
OCIO  bond  angle  from  the  ideal  1 20°  was  estimated  by  comparison  with 
the  known  geometries  of  SF4O  and  FC10*.  The  force  constants  thus 
obtained  are  summarized  in  Table  XXII.  The  value  of  the  ClO-stretching 
| foroe  oonstant  (9.23  mdyn/A)  is  in  exoellent  agreement  with  that  of 
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TABLE  XXII 


Internal  Force  Constants  or  ClFjOs‘,,<’ 


Jd  » 9 23 

s„  - 0.09 

Sr  - 3.35 

Jr,  - 0.10 

Jr  m 2.70 

Jr,  “ -Jrr  ■=  0.25 

/.  - 1.41 

Jb,  ■ 0.61 

— 0.1  fi 

/,-1.33 

Su  ” Str  “ —0.34 

A- 130 

/***  = -0.17 

fob  m —0.09 

/„  = -0.30 

Jrr  - -0.04 

Jr,  - -0.37 

* Data  from  Christe  and  Curtis  (47). 
fe  Stretching  constants  in  mdyn/A,  deforma- 
tion constants  in  mdyn  A/radian*,  and  stretch- 
bend  interaction  constants  in  mdyn/radian. 

9.37  mdyn/A  found  for  ClFjO  (55)  and  the  general  valence  force  field 
values  of  9.07  and  8.96  mdyn/A  reported  for  FC102  (270)  and  CIO**,  (66) 
respectively.  The  values  of  the  ClF-stretching  force  constants  are 
comparable  to  those  previously  reported  for  the  related  pseudotrigonal 
bipyramidal  molecules  C1FS  (102)  and  C1FS0  (55)  and  are  summarized  in 
Table  XXIII.  In  all  three  molecules,  the  stretching  force  constant  of  the 
equatorial  C1F  bond  is  significantly  higher  than  that  of  the  two  axial 
bonds,  although  their  relative  difference  decreases  with  increasing 
oxidation  state  of  the  central  atom.  The  difference  in  bond  strength 
between  equatorial  and  axial  bonds  implies  significant  contributions 
from  semi-ionic  3 center-4  electron  bonds  to  the  axial  C1F  bonds.  This 
bonding  scheme  has  been  discussed  in  detail  for  the  related  pseudo- 
trigonal bipyramidal  C1F2~  anion  in  Section  II,  C. 


TABLE  XXIII 

C1F  8tretchino  Force  Constants  or  C1FS02  Compared  to  Those 
OT  PSXTJDOTRIQONAL  BIPYRAMIDAL  C1F*0,  CIK3,  C1F*",  AND  CIFjOj* 


Compound 

Jr  (mdyn/A)  }r  (rndyn/A)  }„ 

(mdyn/A) 

(fR-Jr)UR 

Ref. 

C1F, 

4.2 

2.7 

0.36 

0.36 

(102) 

ClFjO 

3.2 

2.3 

0.26 

0.26 

m 

ClFjO  j 

3.4 

2.7 

-0.04 

0.19 

(47) 

ciFr 

— 

2.4 

0.17 

— 

(63) 

ClFtO,- 

— 

1.6 

-0.1 

— 

(54) 
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Inspection  of  Table  XXIII  also  reveals  that  the  value  of  fr  does  not 
depend  exclusively  on  the  oxidation  state  of  the  oentral  atom.  Obviously, 
formal  negative  charges  (as  in  the  anions)  and  increasing  oxygen 
substitution  facilitate  the  formation  of  semi- ionic  bonds  and,  hence, 
counteract  the  influence  of  the  oxidation  state  of  the  central  atom.  It  is 
interesting  to  note  that  the  relative  contribution  from  semi-ionic  bonding 
(see  Section  II,  C)  to  the  axial  C1F  bonds  [ — (Jr  — fr)Un)  decreases  from 
OFt  to  ClFtO  and  ClFsOt  (see  Table  XXIII).  This  can  be  attributed  to 
the  decreasing  electron  density  around  the  oentral  atom  with  increasing 
oxidation  state,  thus  making  it  more  difficult  to  release  electron  density 
to  the  axial  fluorine  ligands  as  required  for  the  formation  of  semi-ionic 
bonds. 

The  bonding  in  C1FS0S  might  be  described  by  the  following  approxi- 
mation (53).  The  bonding  of  the  t hree  equatorial  ligands,  ignoring  the 
second  bond  of  the  C1=0  double  bond,  is  mainly  due  to  an  ep*  hybrid, 
whereas  the  bonding  of  the  two  axial  C1F  bonds  involves  one  delocalized 
p-electron  pair  of  the  chlorine  atom  for  the  formation  of  a serai-ionic 
3 oenter-4  electron  pa  bond. 

J.  Difluoroferchloryl  Cation 

The  existence  of  the  C102Ft+  cation  in  the  form  of  its  PtFe~  salt  was 
reported  in  1972  by  Christe  (49).  In  a subsequent  paper  (69),  a full 
account  was  given  of  the  synthesis  and  properties  of  the  PtFe",  AsFt~, 
and  BF4-  salts  of  C10tFi+. 

1.  Synthesis  and  Properties 

It  was  found  (52)  that  PtFe  and  FC102,  when  combined  at  — 196°C 
and  allowed  to  warm  up  slowly  to  25°C,  interacted  according  to 

2F01O,  + !PtF,  C10,Fi*PtF,-  + CIO,*PtF#- 

The  yield  of  C10jF*+  was  not  60%  as  expected  from  the  foregoing 
equation,  but  generally  about  25%  owing  to  the  competing  reaction 

JFCIO,  + JPtF*  ► lC10,+PtF«-  + F, 

In  some  of  the  experiments,  small  amounts  of  ClFe+PtFa~  or  C1F»  and 
FClOj  were  observed,  depending  on  the  exact  reaction  conditions.  The 
formation  of  some  FClOt  is  not  surprising  ainoe  it  is  known  that  FC10Z 
readily  interacts  with  nascent  oxygen  to  yield  FC10|  (9,  36,  51). 

Attempts  to  suppress  the  competing  reaction  by  changing  the 
reaction  conditions  (rapid  warm-up  from  —196°  to  — 78°C  and  completion 
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of  the  reaction  at  — 78°C)  resulted  on  one  occasion  in  an  entirely  different 
course  for  the  reaction : 

6FC30,  + 6PtFt  ► SC10,+PtF«-  + ClF«+PtF,-  + Oj 

Further  modification  of  the  reaction  conditions  (rapid  warm-up  of  the 
FC102-PtFa  mixture  from  —196°  to  either  —78°  or  25°C  and  completion 
of  the  reaction  at  26°C)  did  not  produce  detectable  amounts  of  either 
C10*Ft+  or  ClF/PtF,"  but  only  C102+PtF„-  and  C1F6,  F2,  and  02. 
This  indicates  that  the  nature  of  the  reaction  products  is  more  influenced 
b>  the  warm-up  rate  of  the  starting  materials  from  —1 96°  to  about  -78°C 
than  by  the  final  reaction  temperature.  Slow  warm-up  favors  the 
formation  of  C10iF2+,  whereas  rapid  warm-up  yields  ClFfl+  or  C1F5  and 
Ft  (52). 

The  BF4"  and  AsFs~  salts  were  prepared  (69)  as  follows : 

CI0,+PtF,-  + C10«F*+PtF,-  + 2FNO,  ► FClOa  + C1F,0,  + 2NOa*PtF»- 

Unreacted  FN02  and  some  of  the  FC102  could  be  separated  from  C1F302 
by  fractional  condensation.  The  remaining  FC102  was  separated  from 
ClFsOt  by  complexing  with  BFS.  Since  the  resulting  C102+BF4"  has  a 
dissociation  pressure  (66)  of  182  mm  at  22.1°C  while  C102F2+BF4~  is 
stable,  the  former  salt  could  be  readily  removed  by  pumping  at  20°C. 
Conversion  of  C102F2+BF4~  to  the  corresponding  AsF8"  salt  was 
accomplished  through  displacement  of  BF4"  by  the  stronger  Lewis  acid 
AsF,,: 


C10tF»*BF4-  + A»F, 


C10,F,+A«F,-  + BF* 


All  three  salts,  C10tF2+PtF#-,  C102F2+AsF#-  and  C102F2+BFr,  are 
solids,  stable  at  26°C,  and  react  violently  with  water  or  organic  materials. 
The  PtFa~  compound  is  canary  yellow,  whereas  those  of  AsFe~  and 
BF4-  are  white. 

“The  salts  dissolve  in  anhydrous  HF  without  decomposing.  They  are 
crystallinic  in  the  solid  state,  and  the  X-ray  powder  diffraction  patterns 
ofC10*F*+BF4-  and  C102F2+AsF#-  have  been  reported  (69).  The  pattern 
of  the  former  was  tentatively  indexed  on  the  basis  of  an  orthorhombic 
unit  cell  with  a —5.45,  6 — 7,23,  and  c— 13.00  A.  Assuming  four 
molecules  per  unit  osll  and  neglecting  contributions  from  the  highly 
charged  central  atoms  to  the  volume,  a plausible  average  volume  of 
16  A*  per  F or  0 atom  was  obtained. 

The  thermal  stability  of  C102F2+BF4~  is  higher  than  that  of 
CIOt+BF4~  (66),  C1F2+BF4~  (259),  or  other  similar  salts.  The  pronounced 
tendency  of  ClFjO*  to  form  stable  adducts  with  Lewis  acids  is  in  good 
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agreement  with  the  correlations  between  the  stability  of  an  adduct  and 
the  structure  of  the  parent  molecule  and  its  ions  (see  Section  II,  D).  Thus, 
tetrahedral  C102Pi+  (see  below)  should  be  energetically  much  more 
favorable  than  trigonal  bipyramidal  C1F*0*. 

2.  Molecular  Structure 

The  structure  of  C10SFS+  salts  was  established  by  1BF  NMB  and 
vibrational  spectroscopy  (69). 

In  the  1#F  NMR  spectrum  of  ClF202+PtF#~  in  anhydrous  HF,  a 
broad  singlet  at  —310  ppm  relative  to  external  CFClj  was  tentatively 
assigned  (61)  to  C1F202+.  Subsequent  studies  (69)  of  C1F202+BF4~  and 
C1F202+AsF#~  confirmed  the  original  assignment.  The  spectrum  of 
C1F2G2+BF4"  in  HF  showed  a strong  temperature  dependence.  At  30°C 
it  consisted  of  a single  peak  at  1 85  ppm  relative  to  external  CFC1S.  With 
decreasing  temperature  the  peak  at  first  became  broader  and  then 
separated  at  about  0°C  into  three  signals  at  —301  (C102F2+),  146  (BF4~), 
and  194  ppm  (HF)  which  became  narrower  with  further  decrease  in 
temperature.  The  observed  peak  area  ratio  of  approximately  2 : 1 for  the 
146  and  — 301-ppm  signals  confirmed  their  assignment  to  BF4~  and 
CJ02F2+,  respectively,  and  proved  the  ionic  nature  of  the  C1F202-BF* 
adduct  in  HF  solution. 

The  spectrum  of  ClF202+AsF6~  in  HF  (which  was  acidified  with 
AsFs)  consisted  of  two  resonances  at  —307  (C102F2+)  and  105  ppm  (HF, 
AsFj,  AsF#_),  respectively.  Rapid  exchange  among  HF,  AsF6,  and 
AsFg-  preempted  the  measurement  of  the  C102F2+  to  AsFe~  peak  area 
ratio  (69). 

The  vibrational  spectra  of  the  BF4“,  AsF6",  and  PtFe~  salts  of 
C102FI'1  were  recorded  for  both  the  solids  and  HF  solutionc  (69).  It  was 
shown  that  all  three  salts  axe  ionic  containing,  in  addition  to  the  anions, 
a common  cation.  The  vibrational  spectrum  of  this  cation  closely 
resembled  that  of  S02F2  indicating  a pseudotetrahedral  structure  of 
symmetry  Cw.  The  observed  frequencies  together  with  the  stretching 
foroe  constants  obtained  from  Cl  isotopic  shifts  are  listed  in  Table  XXIV. 
Inspection  of  Table  I shows  that  C102F2+  possesses  the  highest  value 
known  for  a CIO -stretching  force  constant.  This  is  not  surprising,  since 
the  central  atom  in  C102F2+  has  a high  oxidation  state  (+VII),  highly 
electronegative  ligands,  end  a formal  positive  charge  (cation).  The 
influence  of  these  factors  on  /cio  was  discussed  in  faction  II,  C.  By 
analogy  with  C1F20+  (58),  the  only  other  known  species  exhibiting  a 
fa o value  of  similar  magnitude,  contributions  from  the  resonanoe 
structure, 
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TABLE  XXIV 

Observed  Frequencies,  Approximate 
Description  or  Modes,  and  Most  Important 
Intern  ax  Force  Constants  Computed 
to  Fit  the  Observed  **01  and  *vC1  Isotopic 
Shifts  and  Assuming  Two  Different  Bond 
Angles  or  ClO*F»+  « 


Assignment 

Obs.  freq. 
(cm-1) 

Approx,  descrip- 
tion of  mode 

Ai 

pi 

1241 

P«ym(C10») 

V* 

756 

P.ym(ClFi) 

P* 

*U4 

S.ym(CiOs) 

V* 

390 

S.ym(ClF,) 

Aj 

p* 

390 

r 

Bi 

PS 

1479 

P«y«(CiOs) 

P7 

630 

SrocSt(ClOs) 

B, 

PS 

830 

P«*ym(ClFi) 

614 

«rock(ClF,) 

LOCK),  AFC1F,  deg 


JD  (mdyn/A) 

124,  96 

114,  105 

(CIO) 

12.20 

12.04 

Sod  (mdyn/A) 
/*  (mdyn/A) 

-0.46 

-0.68 

(C1F) 

4.40 

4.53 

fan  (mdyn/A) 

-0.32 

0.03 

• Dsts  from  Christs  *t  al.  (69). 


might  be  invoked  to  explain  the  high  fcio  value.  The  value  of  the  C1F- 
stretohing  foroe  constant  (4.46  mdyn/A)  falls  within  the  range  expected 
for  a predominantly  covalent  CLF  bond  in  a cation  having  a central  atom 
with  a +VII  oxidation  state. 
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K.  Perchloryl  Fluoride 
Percbloryl  fluoride, 

r 

o 

(XVI) 

the  acyl  fluoride  of  perchloric  acid,  was  first  obtained  by  Bode  and 
Klesper  in  1 95 1 (30)  by  the  action  of  F2  on  KCIO*  at  — 40°C,  but  believed 
to  be  C10S0F.  In  1952  it  was  prepared  by  Engelbrecht  and  Atzwanger 
(91)  by  electrolysis  of  NaC104  in  anhydrous  HF  and  was  correctly 
identified.  In  the  mid-fifties  it  became  commercially  available  from 
Pennsalt  Chemical  Corporation  and  can  be  purchased  in  research 
quantities  from  Ozark  Mahoning  Company.  Owing  to  its  remarkably 
low  reactivity  and  high  specific  impulse  (see  Section  III,K,  £),  it  received 
considerable  interest  as  a rocket  propellant  oxidizer,  resulting  in  a rather 
thorough  study  of  its  properties.  Unfortunately,  its  high  vapor  pressure 
(53  atm  at  Te  — 95°C)  afid  coefficient  of  expansion  rendered  it  inferior 
to  other  oxidizer  candidates.  Owing  to  its  relative  inertness  (it  hydrolyzes 
only  slowly  in  water),  it  has  found  use  as  a fiuorinating  agent  in  organic 
chemistry.  In  addition  to  the  general  reviews,  listed  in  the  Introduction, 
and  brief  reviews  in  Japanese  (205)  and  Chinese  (48),  reviews  that  are 
dovoted  exclusively  to  FCIO,  have  been  published  by  Pennsalt  (222), 
Gall  (106),  and  Khutoretskii  et  al.  (158).  The  inertness  of  FCIO*  is  due  to 
its  energetically  favorable  pseudotetrahedral  configuration,  its  highly 
oovalent  and  strong  Cl — F bond  (see  Section  II,  C),  and  its  extremely 
small  dipole  moment  of 0.023  D.  Combined,  these  properties  give  it  a high 
kinetic  stability  in  spite  of  its  low  thermodynamic  stability  (AH °jm  — 
—5.7  koal  mole'1). 

1.  Synthesis 

Perchloryl  fluoride  can  be  prepared  by  electrolysis  of  a saturated 
solution  of  NaC10t  in  anhydrous  HF  with  a current  efficiency  of  10% 
(91,  92). 

Fluorinatioa  of  solid  KC10t  by  F*  (30,  31)  produces  FC1Q*.  FCIO*, 
OF,  C1*04,  Cl*,  and  0*  (89,  92).  The  yields  of  FCIO*  were  about  45% 
based  on  the  F*  used  (92).  When  the  fiuorination  was  carried  out  belo^y 
— *0°C,  yields  of  FC90*  as  high  as  50%  were  obtained  (265).  The  fiuori- 
nation of  NaCIO*  with  F*  can  also  be  carried  out  in  aqueous  solution  at 
25°-75°C  resulting  in  a 50%  yield  of  FCIO*  (299  ; see  also  126).  Replace- 
ment of  F*  by  other  fiuorinating  agents,  such  as  C1F*,  BrF*,  or  SbFs, 
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gives  mainly  FC102  and  Cl*  and  only  low  yields  of  FC10S  (92).  Purification 
of  crude  FC10*  by  washing  of  the  products  condensible  at  — 196°C  with 
an  alkaline  NatS20>  solution  produces  material  containing  less  than  1 .5% 
of  impurities  (92). 

The  thermal  decomposition  of  C1207  at  100°C  in  the  presence  of  Ft 
produces  a mixture  of  FC10S  and  FC102  in  a yield  of  about  75%  (98). 
Similarly,  the  fluorination  of  either  Cl2Oe  or  C1207  with  SbF6  produces 
FC10|  in  high  yield  (210)  according  to 

Cl.O,  + JSbF,  ► C10i+8bF«-  + SbF*0  + FC10* 


and 


C1*07  + nflbFi  ► SbFjO  • (SbF,).-!  + 2FCI0a 

The  fluorination  of  N02C104  by  C1FS  at  room  temperature  results  in  the 
formation  of  FC10S  and  smaller  amounts  of  FC10t,  C102,  and  C1N02  (25). 
Perchloryl  fluoride  is  also  formed  by  the  interaction  of  FC102  with 
nasoent  oxygen  (S,  36,  51)  and  in  the  reaotion  of  gaseous  C1FS  with  U02, 
Uj08,  and  UO*  (149)  and  with  U02F2  (263),  or  by  the  reaction  of 
ClF2+BiF6-  with  metal  oxides  (78).  Xenon  dioxide  tetrafluoride,  Xe02F4, 
is  capable  of  oxidizing  either  C1F»  or  C1F6  to  FC10,  (143).  Almost  quanti- 
tative yields  of  FC10*  and  RfC^^  can  be  obtained  by  the  alkali  metal 

fluoride-catalyzed  decomposition  of  the  corresponding  RjCF2OC10s  at 
slightly  elevated  temperatures  (249). 

The  most  convenient  and  commercially  attractive  methods  for 
preparing  FClOj  involve  the  fluorination  of  perchlorates.  Heating  of 
KC104  to  70°-120°C  in  an  excess  of  SbF6  produoes  FC10#  in  60%  yield 
(90).  The  yield  of  FClOj  can  be  increased  to  90%  and  the  reaction 
temperature  can  be  lowered  to  20°~50°C,  when  a mixture  of  HF-SbF6  is 
used  (292, 293).  Slightly  lower  yields  were  obtained  when  the  HF  solvent 
was  replaced  by  AsF,,  IFS,  or  BrFs. 

Most  of  the  commercial  processes  are  based  on  the  use  of  HOSOtF. 
This  method  was  proposed  in  1950  by  Barth- Wehrenalp  (20).  Evolution 
of  FC102  starts  at  50°C  and  goes  to  completion  at  85°-110°C.  The  yields 
of  FClOj  vary  from  50  to  80%  (20,  22, 162, 163)  and,  if  necessary,  the 
HOS02F  can  be  regenerated  (22).  If  desired,  the  reaction  can  be  carried 
out  in  glass  apparatus.  The  influence  of  certain  additives  on  the  yield  of 
FC10t  was  studied  (81).  The  addition  of  5 to  25%  of  SbF»  to  the  HOSOtF 
increases  the  yield  of  FClOj  to  90%  and  higher  but  hinders  the  regenera- 
tion of  HOSOtF.  The  addition  of  HF-BFj  increases  the  FCIO,  yield  to 
85%  but  requires  elevated  pressure.  Zinc,  aluminum,  silver,  and  lead 
fluorides  were  found  to  decrease  the  yield  of  FCIO,. 
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The  highest  yield  of  perchloryl  fluoride  (97%)  was  achieved  with  a 
mixture  of  fluorosulfonie  acid  and  SbF*  as  fluorinating  medium. 
Potassium,  sodium,  lithium,  magnesium,  barium,  calcium,  and  silver 
perchlorates  and  perchloric  acid  itself  undergo  the  reaction.  Commercial 
reagents  are  used  and  their  additional  purification  is  not  necessary; 
unlike  all  the  previous  methods  the  preparation  of  perchloryl  fluoride  by 
this  method  can  be  carried  out  at  room  temperature.  At  high  temperature 
(100°-135°C)  the  reaction  time  is  1-10  min  in  all,  which  allows  the  process 
to  be  carried  out  continuously  in  a packed  column.  The  purity  of  product 
obtained  after  the  usual  purification  reaches  98%  and  over;  air  and 
carbon  dioxide  are  present  as  trace  impurities  (23). 

The  exact  mechanism  of  the  reaction  between  C104~  and  superacids 
has  as  yet  not  been  established,  although  numerous  comments  on  it 
were  published  (19,  21, 167,  253,  292,  297).  Based  on  our  present  under- 
standing of  superacid  chemistry  (67,  118,  216)  and  of  the  complex 
formation  of  FCIO*  (see  Section  III,  K,  4),  a mechanism  involving  C10,+ 
as  an  intermediate  is  very  unlikely.  Furthermore,  the  high  yields  of 
FCIO*  (up  to  97%)  would  be  surprising  in  view  of  the  expected  instability 
of  C10*+.  In  our  opinion,  other  mechanisms,  such  as  the  one  shown, 
involving  protonated  perchloric  acid  (166)  are  more  plausible: 


4HF  + 2SbF| 
2H»F+  + CIO4- 
H,0C10j+  + HF 


2H*F+  + 28bF,- 
H.OCJOj*  + 2HF 
FCIO,  + H»0+ 


CI04-  + 3HF  + 28b?' j 


FCIOa  + H,0+  + 2SbF,- 


2.  Molecular  Structure 

The  structural  parameters  of  FCIO*  were  determined  by  Clark, 
Beagley,  and  Cruickshank  (72)  by  gas-phase  electron  diffraction.  The 
molecule  has  syrametiy  C*»  and  the  following  bond  angles  and  distances : 


(OC1F) 


-a 


r(CI— F) 

1.610  A 

r(Cl — O) 

^ 1.402  A 


<oao) 

118.1* 

(xvn) 
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Owing  to  its  small  dipole  moment,  FClOj  exhibits  only  a very  weak 
microwave  spectrum  (171, 173).  Since  only  the  J - 4 -+  5,  K - 3 and  the 
J “ 6 ->  7,  K 3 and  K — 6 transitions  were  observed,  a complete 
structure  determination  was  not  possible.  However,  the  estimated 
geometry  and  dipole  moment  are  in  good  agreement  with  the  exact 
values  measured  by  other  methods.  Table  XXV  lists  the  frequency 
values  and  constants  that  were  obtained.  The  rotational  constants,  B0, 
are  in  good  agreement  with  the  values  obtained  from  the  high-resolution 
infrared  spectrum  (184)  of  the  £49-  and  589-cm-1  fundamentals. 

The  dipole  moment  of  FC10t  was  determined  by  dielectric  relaxation 
measurements  (192)  as  0.023  ± 0.003  D and  from  the  Jn  _i2  transition 
in  a resonant  cavity  at  126196  MHz  (101)  as  0.025  ± 0.003  D.  This  low 
dipole  moment  indicates  that  the  electronegativity  of  F and  the  C108 


TABUS  XXV 

Fexquency  Values  and  Constants  ro&  Pkrchloryl  Fluoride 


Transition*  and 
oonstvnt* 

FS5C10*  (MHz) 

F37C1Q»  (MHz) 

Jm4-+ 6,  Km$ 

62586.07  ± 0.06 

62560.4  ±0.3 

73619.40  ± 0.05 

73583.94  ± 0.05 

Jm  6 -+  7.K-  6 

73618.72  ± 0.05 

— 

Bo 

5258.692  ± 0.005 

5256.149  ± 0.005 

Dj 

0.0014  ± 0.0002 

Djk 

0.0018  ± 0.0003 

*q<? 

-19.2  ± 0.5 

-15.4  ± 1.5 

group  are  comparable,  thus  resulting  in  a high  degree  of  covalency  for 
the  Cl— F bond. 

The  19F  NMR  spectrum  of  FC10»,  according  to  Brownstein  (41) 
consists  of  a partially  resolved  quartet  (Jcif  ~ 310Hz)  of  equal  intensity 
at  ^ — —241.5  ppm.  The  lack  of  rapid  quadrupole  relaxation  indicates  a 
highly  symmetric  electric  field  around  the  central  atom  in  good  agreement 
with  the  small  dipole  moment  observed  for  FCIO,  (see  above).  The 
temperature  dependence  of  the  l9F  NMR  spectrum  of  FCIO,  was  studied 
by  Bacon  el  al.  (13).  An  expression  for  the  line  broadening  was  derived, 
and  a value  of  1.0  kcal  mole-1  was  obtained  for  the  activation  energy  of 
molecular  reorientation.  A value  of  278  ± 5 Hz  was  calculated  for  </3£cur- 
According  to  Agahigian  el  al.  ( 1 ),  the  19F  resonanoc  of  FC10»  occurs  at 
4 - —287  ppm,  but  measurements  in  our  laboratory  indicate  that  this 
value  is  inaccurate.  A value  of  4 “ —252.9  ± 2 ppm  was  found  by  us  for 
liquid  FOlOj  at  — 120°C.  The  9tCl  and  19F  NMR  spin-lattice  relaxation 
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times  and  rotational  diffusion  in  liquid  FC10S  were  measured  by  Maryott 
et  al.  (96, 191 ) using  pulse  techniques. 

The  mass  spectrum  of  FQO,  was  measured  (82,  138,  234).  The 
vortical  ionization  potential  and  the  F — CIO,  bond  dissociation  energy 
were  found  to  be  13.6  ± 0.2  eV  and  -*-80  kcal  mole-1,  respectively.  The 
average  CIO  bond  dissociation  energy  and  the  heat  of  formation  were 
estimated  (82)  to  be  60  and  -6.3  kcal  mole-1,  respectively. 

The  UV  absorption  spectrum  of  FCIO,  was  reported  by  Si  ere  and 
Schumacher  (264)  and  Pilipovioh  ei  al.  (228). 

The  vibrational  spectrum  of  FCIO,  has  been  well  characterized.  The 
infrared  spectrum  was  thoroughly  analyzed  by  Lide  and  Mann  (174)  and 

TABLE  XXVI 


VnuunovAL  Brxomvu  or  Gaseous  FCIO,  and  Its 
Assignment  to  a Point  Gaoor  C„ 


Assignment 

Infrared* 

(cm-1) 

Raman6 

(cm*1)  , 

A, 

VI 

tym  CIO,  stretch 

1061  s 

1062.8,  1060.0' vs,  p 

V* 

GIF  stretch 

717  s,  707  in 

716.8,  706.6  a,p 

Vt 

. sym  CIO,  deform. 

649  w 

648.8  m,  p 

E 

V4 

asym  CIO,  stretch 

1316  vs 

1314  w 

V* 

ssym  OlO,  deform. 

689  m 

673  w 

V, 

rocking 

406  w 

414  w 

• Data  from  Lids  and  Mann  (174). 

* Data  from  Clinsaen  and  Appelman  (71). 

c Splittings  are  due  to  **Oi  and  *7C1  isotopes. 


two  of  the  fundamentals  (v,  and  v,)  were  studied  at  high  resolution  by 
Madden  and  Benedict  (184).  The  Raman  spectra  of  the  liquid  and  of  the 
gas  were  reported  by  Powell  el  al.  (233)  and  Dunlap  el  al.  (86)  and  by 
Clausen  and  Appelman  (71),  respectively.  The  observed  fundamentals 
together  with  their  assignment  are  summarized  in  Table  XXVI  and  are 
in  exoeUent  agreement  with  a molecule  of  symmetry  C,«.  The  infrared 
spectrum  of  FCIO,  has  also  been  reported  by  Engelbrecht  et  al.  (92), 
Pennsalt  (222),  Smith  et  al.  (271),  and  Karelin  et  al.  (164).  A correlation 
of  CIO -stretching  frequencies  (236)  and  foroe  constants  with  bond 
lengths  and  bond  orders  was  given  by  Robinson  (237);  however,  his 
plots  and  assumptions  must  be  thoroughly  updated  before  being  used. 
Absolute  infrared  intensities  were  reported  for  FCIO,  by  Kharitonov 
at  al.  (167).  Quantum  mechanical  studies  of  the  atomic,  bond,  and 
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molecular  polarizabilities  were  carried  out  by  Nagarajan  and  Redmon 
(204).  Numerous  force  fields  (107, 140 , 154, 157,  201,  204,  245,  273 ) were 
computed  for  FClOj,  but  owing  to  the  lack  of  sufficient  experimental 
data,  no  unique  solution  was  obtained.  Values  of  about  9.4  and  3.9 
mdyn/A  for  the  CIO-  and  the  ClF-stretching  force  constants,  respectively, 
appear  to  us  most  reasonable.  Mean  square  amplitudes  of  vibration  of 
FClOj  were  calculated  by  M tiller  el  al.  (201,  203 ) and  Nagarajan  and 
Redmon  (204).  Miiller  el  al.  (201)  have  also  computed  the  Coriolis  zeta 
constants  for  FC10* ; however,  their  values  differ  significantly  from  those 
given  by  Hoskins  (140).  Molecular  reorientation  in  liquid  FC108  was 
studied  by  Sunder  and  co-workers  (279a)  using  Raman  spectroscopy. 

The  high-resolution  photoelectron  spectrum  of  FCIO,  was  studied  by 
DeKock  el  al.  (80).  The  results  from  this  study,  including  ab  initio  SCF 
MO  calculations  of  the  electronic  structures,  are  summarized  in  Tables 
XXVII  and  XXVIII.  These  calculations  indicate  considerable  partici- 
pation by  3d  orbitals  of  the  Cl  atom,  although  they  tend  to  overestimate 
the  importance  of  3d  orbitals  in  bonding  by  correcting  for  some  inade- 


TABLE  XXVII 

Ionization  Data  roa  Pekchlokyl  Fiajojhde*** 


Band 

No. 

Adiabatic 
i.p.  (eV) 

Vertical 
i.p.  (eV) 

Vibrational 
spacing  (cm-1) 

Vibrational 

assignment 

Orbital 

assignment 

1 

13.04  (1) 



370  (40) 

v*  or  vi 

6bj 

13.57  (2) 

— 

475  (60) 

vt 

2*2 

2 

14.85(1) 

15.181  (6) 

340  (16) 

V4 

6bi 

15.181  (6) 

15.307  (6) 

1025  (30) 

Vl 

11a! 

3 

16.670  (5) 

16.676  (5) 

1135  (16) 

Vl 

6bj 

805  (30) 

Vt 

510  (20) 

vt 

4 

18.07  (3) 

18.31  (2) 

— 

— 

Obi 

6 

19.175  (7) 

19.390  (4) 

850  (30) 

va 

4b| 

485  (40) 

Vt 

19.689  (7) 

19.807  (7) 

855  (30) 

vt 

9*1 

500  (20) 

vt 

6 

— 

21.7  (1) 

— 

— 

4b, 

7 

— 

24.2  (1) 

— 

— 

8a! 

Ground  state 

1209 

VI 

648 

Vt 

544 

Vt 

384 

V* 

* Data  from  DeKock  tt  al.  (80). 

* Standard  deviations  are  given  in  parentheses  after  each  quantity. 
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TABLE  XXVIII 

Calculated  Eigenvalues  and  Percentage  Character  or 
Valence  Molecular  Orbitals  ros  FC10,» 


/ tomic  character  (%) 

Chlorine  orbital  Oxygen  orbital  Fluorine  orbital 


Orbital 

csigojiv«iue 

<«V) 

3d 

3c 

3p 

2* 

2p 

2s 

2p 

la* 

-12.fi 



- 

_ 

100 

__ 

7e 

-14.1 

10.5 

— 

— 

— 

78.0 

11.0 

10ai 

-15.4 

12.6 

— 

1.9 

1.1 

44.3 

— 

39.8 

6e 

-16.0 

16.5 

— 

— 

fi.3 

74.0 



3.9 

fie 

-18.6 

fi.2 

— 

1.8 

1.3 

18.7 



68.9 

4e 

-21.5 

4.3 

— 

24.8 

19.1 

38.0 



13.3 

®»l 

-23.3 

1.1 

4.1 

34.1 

16.8 

29.4 

2.6 

11.4 

-26.2 

— 

18.2 

10.0 

34.2 

12.3 

7.0 

17.2 

3e 

-40.6 

2.9 

— 

24.5 

66.7 

5.0 





7*i 

-43.0 

2.4 

3.9 

8.1 

14.0 

1.9 

68.7 



6*i 

-47.6 

— 

44.7 

— 

29.2 

6.5 

17.5 

1.6 

* Data  from  DeKock  tt  al.  (SO) 


quacy  in  the  a and  p bases.  Results  of  MO  calculations  were  also  reported 
by  Hillier  tt  al.  (129,  139)  and  Ionov  and  Ionova  (146).  The  latter 
authors  calculated  the  electron  density  distribution  in  FCIO,  as  Gci  — 
+0.83,  Go '<-0.23,  and  Gk  — —0.14,  using  the  geometry,  the  ionization 
potential  of  the  molecule  and  of  the  free  atoms,  and  the  orbital  exponents 
of  the  Slater  functions  as  input  data. 

X-Ray  diffraction  data  were  reported  by  Tallman  et  al.  (280, 281)  for 
solid  FCIO,  at  liquid  air  temperature.  The  data  were  indexed  in  terms  of 
a tetragonal  unit  cell  with  a » 7.66  and  c - 6.31  A,  Z •»  4,  and  d — 2.18 
gm/cm*.  Barberi  (16,  17)  has  shown  that  solid  FCIO,  exists  between  its 
melting  point  and  -196°C  in  only  one  solid  phase.  Based  on  entropy 
calculations,  Koehler  and  Giauque  (160)  suggested  that  there  is  a high 
degree  of  disorder  in  the  arrangement  of  the  F and  0 atoms  in  crystallinic 
FCIO,. 

3.  Physical  Properties 

Some  of  the  physical  properties  of  FCIO,  are  summarized  in  Table 
XXIX.  In  the  Appendix  (Table  AIII),  the  temperature  dependence  of 
some  of  the  thermodynamic  properties  is  given  (147).  In  addition  to  these 
data,  the  viscosity  of  gaseous  FCIO,  between  50  and  150°C  was  reported 
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(218).  Some  thermodynamic  properties  of  FCJO,  were  calculated  (235) 
using  only  the  boiling  point  of  the  compound  and  correlation  increments. 

Perchloryl  fluoride  is  white  as  a solid  and  colorless  as  a liquid  and  gas. 
It  possesses  a characteristic  sweetish  odor  (92).  Its  toxicity  is  moderate 
and  comparable  to  that  of  CH2CHON  or  Cl2.  Tests  on  mice  showed  an 
acute  vapor  toxicity  (LDi0)  of  630  ppm  at  4-hr  exposure  time.  Exposure 
of  monkeys  to  40  ppm  FClOj  in  air  for  3 months  resulted  in  enlarged 
spleens  and  lungs  together  with  some  evidence  of  red  cell  destruction 
(222). 

The  dielectric  strength  of  FClOj  is  outstanding  and  over  a broad 
pressure  range  is  about  30%  higher  than  that  of  SFe.  During  irradiation 
with  *°Co  y-rays,  the  dielectric  strength  decreased  only  by  6%  (46).  The 
correlation  between  negative-ion  formation  and  electric  breakdown  of 
FC10S  was  studied  by  Mickam  and  Berg  (138)  by  mass  spectroscopy. 
Perchloryl  fluoride  has  been  used  as  an  insulator  in  high-voltage 
systems. 

Perchloryl  fluoride  was  reported  (185,  195,  205,  206,  222)  to  be 
sparingly  soluble  (1-3  gm/liter  at  1 atm  and  25°C)  in  a wide  variety  of 
polar  and  nonpolar  solvents,  such  as  aqueouB  solutions,  alcohols,  ketones, 
esters,  ethers,  and  aromatic  and  halogenated  solvents.  However,  more 
reoent  measurements  by  Golub  et  al.  (124)  show  that  these  solubilities  are 
substantially  (several-fold)  higher.  When  working  with  larger  amounts 
of  FClOj  in  organic  solvents,  all  necessary  precautions  should  be  taken 
since  mixtures  of  this  kind  are  potentially  explosive.  Hammond  el  al. 
(132-134)  have  extensively  studied  the  extremely  weak  electron 
acceptor-donor  (ball-plane)  interactions  between  FC10S  and  aromatic 
hydro-  and  fluorocarbons.  Several  inorganic  acid  halides,  H0SO2F,  PC1„ 
POClj,  S02C12,  S0C12,  TiCl4,  and  SiCl4  dissolve  gaseous  FC10S  to  the 
extent  of  20-30  gm/liter  at  26°C  and  1 atm  pleasure  (106). 

Liquid  perchloryl  fluoride  is  a typical  nonpolar  solvent.  Most  inor- 
ganic and  organic  salts  are  insoluble  in  it.  Conversely,  most  covalent, 
essentially  nonpolar  substances,  boiling  within  about  50°C  of  perchloryl 
fluoride,  are  completely  miscible,  e.g.,  chlorine,  boron  trifluoride,  sulfur 
hexafluoride,  eilicon  tetrafluoride,  phosgene,  nitrous  oxide,  chlorine 
trifluoride,  chlorofluorocarbons,  silicon  tetrachloride,  sulfuryl  chloride, 
dinitrogen  tetroxide,  and  thionv!  chloride  (106). 

Blends  of  perchloryl  fluoride  with  halogen  fluorides  are  homogeneous 
and  stable.  When  these  are  used  as  storable  liquid  oxidizers  for  rocket 
propulsion,  the  halogen  fluoride  usually  oonfers  hypergolicity,  increased 
density,  and  lowered  vapor  pressure;  whereas  the  perchloryl  fluoride 
provides  oxygen  needed  for  efficient  combustion  of  carbon  in  the  fuel  or  of 
certain  metal  additives.  The  mixtures  are  thermally  stable  and  their 
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compatibility  with  container  materials  is  determined  mainly  by  the 
halogen  fluoride.  The  density  and  vapor  pressure  of  porehloryl  fluoride- 
chlorine  trifluoride  blends  have  been  summarized  in  tables  by  Gall  (106). 
The  miscibility  and  compatibility  of  FCIO,  at  low  temperatures  was 
studied  by  Streng  (277)  for  02,  0Sl  02F2,  C1F,  C1FS>  SF4>  SF6,  CF,C1,  and 

c4h10. 

4.  Chemical  Properties 

Owing  to  its  pseudotetrahedral  configuration,  its  highly  covalent 
strong  Cl— F bond,  and  low  dipole  moment,  FC103  possesses  high  kinetic 
stability  in  spite  of  AH/0  being  only  —5.7  and  AG/°  being  positive 
(11.5  keal  mole-1).  This  is  reflected  in  its  high  thermal  stability  and  its 
reluctanoe  to  hydrolyze.  It  is  not  shock-sensitive  and  at  room  tempera- 
ture is  relatively  inert.  At  elevated  temperature,  however,  or  under 
conditions  supplying  a sufficient  amount  of  activation  energy,  it  is  a 
powerful  oxidizer  (211). 

Perchloryl  fluoride  is  thermally  stable  up  to  about  400oC.  The  thermal 
decomposition  of  FCIO,  in  quartz  at  pressures  between  5 and  930  mm 
and  temperatures  between  465°  and  495”C  was  studied  by  Gatti  et  al. 
(112).  They  found  that  the  decomposition  reaction, 

2FC10,  * 2C1F  + 30, 

is  unimolecular  and  homogeneous  with  an  activation  energy  of  58.4  ± 
2 kcal  mole-1.  The  rate  constant  at  495.4°C  was  found  to  be  k — 9.25  x 
10-4  sec-1  and  the  following  decomposition  mechanism  was  suggested : 

FClOi  ► FCIO.  + O 

O + ¥ CIO,  ► FCIO,  + O, 

FCIO,  * C1F  + O, 

The  decomposition  kinetics  were  also  calculated  by  Usmanov  and 
Magarra  (287)  using  a dimensionless  molecular  transfer  equation. 
Perchloryl  fluoride  can  be  heated  almost  to  the  softening  point  of  glass 
without  explosion  (92). 

Hydrolysis  of  FCIO,  is  very  slow  even  at  250°-300'’C  (92).  For  quan- 
titative hydrolysis,  heating  of  FCIO,  with  concentrated  aqueous  hydro- 
xide solution  to  300°C  in  a sealed  tube  is  required : 

FCIO,  + 2NaOH  *■  N»C10«  + N&K  + H,0 

For  quantitative  analysis,  FCIO,  can  conveniently  be  reduoed  at  25°C  by 
an  alcoholic  solution  of  KOH  resulting  in  dissolved  KF  and  a precipitate 
of  KC104  (222). 
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The  reaction  of  FCIO,  with  metallic  sodium  or  potassium  starts  only 
at  ~300°C,  although  it  proceeds  vigorously  (92).  At  room  temperature 
FClOj  is  unreactive  with  a considerable  number  of  gases,  liquids,  and 
solid3.  Again,  however,  if  sufficient  activation  energy,  such  as  heating 
to  100°-300°C,  is  supplied,  violent  reactions  usually  occur.  With 
reducing  agents,  oxides,  fluorides,  and  chlorides  are  formed.  Typical 
examples  are  H„  NtO,  H2S,  S02,  SC12,  PCI,,  CaC2,  KCN,  Nal,  KSCN, 
CH2==CC12,  and  hydrocarbons  (122, 158, 222).  Using  dilute  mixtures,  the 
H2S  FCIO,  reaction  can  be  controlled  and  the  following  products  are 
obtained  (222) : 

3FC10,  + 4H|S  * 4SO,  + SHF  + 3HC1  + H,0 

In  the  spectra  of  H2S-FC10,  and  H2-FC10,  flames,  bands  due  to  S2, 
S02,  OH  and  to  CIO,  OH,  respectively,  were  observed  (177).  With  HC1 
at  200°-300°C,  the  following  gas-phase  reaction  occurs: 

FClOi  + 7HC1  * HF  + 4C1,  + 3HtO 

Many  inorganic  ions  are  oxidized  by  FCIO,  in  aqueous  solution  (112).  The 
oxidation  rate  often  depends  on  the  pH  of  the  solution  and  the  tempera- 
ture. For  example:  the  oxidation  of  KI  in  the  presence  of  NaHCOs  is 
barely  detectable;  in  caustic  soda,  a slow  oxidation  occurs;  and  in  0.1  M 
mineral  acid  one  observes  (92)  quantitative  reaction  within  4 hr  according 
to 

FCIOi  + 81“  4-  #H+  ► Cl-  + F-  + 4T-.  + 3H80 

Other  ions  oxidized  by  FClOj  include  N02",  SO,*-,  and  CN-  which  are 
converted  to  NO,-,  SO,*",  and  NCO-,  respectively  (106, 122,  222). 

Whereas  FCIO,  is  rather  inert  toward  most  compounds,  including 
gaseous  NH„  at  room  temperature  it  reacts  (92,  186,  187)  easily  with 
liquid  NH,  at  -78°C  or  its  aqueous  solutions: 

FCIO,  + 3NK,  ► NH4F  + NH4NHCIO, 

The  reaction  is  complete  in  several  hours  and,  in  liquid  NH,,  it  is  greatly 
accelerated  by  NaNH2  (186, 187).  From  the  ammonium  perchloryl  amide, 
which  could  not  be  isolated  in  pure  form , the  corresponding  Ag+,  Cs+,  and 
K+  salts  and  KtNC10,  and  Cs2NC10,  have  been  obtained.  These  salts, 
especially  when  dry,  are  impact-  and  friction-sensitive. 

Perchloryl  fluoride  does  not  attack  glass  at  moderate  temperature, 
but  decomposes  at  25°C  on  oontact  with  activated  SiO,  or  AltO,, 
particularly  in  the  preaenoe  of  small  amounts  of  HtO.  With  other  surface- 
active  materials,  such  as  charooal,  ignition  may  take  place.  However, 
there  is  no  reaction  at  room  temperature  with  synthetic  zeolites.  It 
passes  freely  through  a 4 A molecular  sieve,  but  is  completely  absorbed 
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by  a 5 A molecular  sieve  (188).  Most  combustible  substances  in  contact 
with  liquid  FC10S  form  shock -sensitive  explosive  compositions.  Gener- 
ally, metal  oxides,  fluorides,  or  chlorides  do  not  react  with  FC103  at 
temperatures  up  to  400°C  (186).  Lalande  reported  (164)  that  FC10S 
oxidizes  UF4  to  UF*.  However,  a subsequent  study  by  Rude  et  al.  (241) 
showed  that  an  intermediate  uranium  oxyfluoride  that  disproportionates 
to  UF4  and  U02F2  is  formed.  Photolysis  of  mixtures  of  FC103  with  F2  or 
C1F6  produces  C1F30  (228,  240). 

Perchloryl  fluoride  shows  no  tendency  to  form  adducts  with  either 
strong  Lewis  acids  or  bases.  This  behavior  has  been  rationalized  in 
Section  II,  D.  The  binary  systems  of  FC10S  with  BFS,  PF6,  AsF5,  SbFs, 
or  SOj  were  studied  by  Lang  (167),  at  Pennsalt  (224),  and  by  Nikitina 
and  Rosolovskii  (209).  Similarly,  at  Pennsalt  (224)  no  evidence  was  found 
for  complexing  of  FC10S  with  either  CsF  or  FN02. 

Anhydrous  FC10S  does  not  corrode  most  of  the  common  metals,  but, 
in  the  presence  of  moisture,  slow  hydrolysis  may  occur  causing  corrosion 
(40,  122,  127,  222).  The  compatibility  of  various  elastomers  with  1:1 
mixtures  of  FC10*  and  N2F4  was  studied  by  Green  et  al.  (126)  and 
Grigger  et  al.  (127). 

In  reactions  with  organic  compounds,  FC103  behaves  as  either  an 
oxidant  ora  1-  or  2-center  electrophile  which,  depending  on  the  reaction 
conditions,  can  be  used  for  the  introduction  of  either  fluorine,  a C103 
group,  or  both  fluorine  and  oxygen.  A large  number  of  publications  have 
appeared  on  this  subject  and  have  been  extensively  reviewed  by 
Khutoretskii  et  al.  (168).  Additional  general  information  can  be  found 
in  Refs.  (106, 122, 169,  262,  and  284).  Since  a systematic  coverage  of  this 
subject  is  beyond  the  scope  of  this  review,  we  give  examples  only  of  the 
most  important  type  of  reactions,  in  addition  to  references  to  some  of  the 
more  recent  publications  not  covered  in  the  previous  reviews. 

Since  FC10S  is  highly  susceptible  to  nucleophilic  attack  at  the  chlorine 
atom,  it  reacts  readily  with  anions.  These  reactions  are  relatively  well- 
understood,  and  Sheppard  has  proposed  (261)  a general  mechanism  for 
these  reactions  by  which  the  most  nucleophilic  center  in  the  anion 
(oxygen  or  other  heteroatom  related  to  carbon)  always  attacks  the 
chlorine  and  never  the  more  electronegative  fluorine.  For  localized 
nucleophiles  (such  as  alkoxides),  simple  fluoride  ion  displacement  occurs, 
but,  for  the  mesomelic  ions  (ambient  electrophiles),  an  intramolecular 
(oyclic)  transfer  of  F~  can  occur  in  the  intermediate  to  give  a C — F bond. 
The  high  energy  gained  by  the  formation  of  the  C — F bond  provides  a 
strong  driving  force  for  this  fluoride  transfer,  and  fluorine  never  has  to 
achieve  a highly  unfavorable  energy  state  with  positive  charge.  This 
mechanism  explains  why  phenyllithium  reacts  with  FG’lOj  to  give 
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perchloryl  benzene,  whereas  2-lithiothiophene  gives  2-fluorothiophene 
in  high  yield  (257) : 


c^c^o  +C*H»' 
o 


and 


4-  C4 

O n ***o 


H»S- 


0*H," 

0 i 


o|'o 


CtHjCIO,  F- 


j-  4-  CIOj- 


Com pounds  having  a cyclic  double  bond  conjugated  with  an  aromatic 
ring  are  capable  of  reacting  with  FCIO,  to  give  a-fluoroketones.  Tins  type 
of  reaction  was  named  oxofluorination  and  in  it  FCIO,  acts  as  a 2-center 
electrophile  as  shown  for  indene  (207)  : 


In  the  presence  of  Friedel-Crafts  catalysts,  such  as  A1C1„  the  FCIO,  can 
he  used  for  introducing  a GO,  group  (perchlorylation)  into  an  aromatic 
ring  (144) : 

^Jj  4-  FCIO,  |^jf  + HF 


Hydrogenolysis  (258)  of  perchloryl  aromatic  compounds  yields  ArH  and 
not  ArOH,  thus  confirming  the  presence  of  a C — Cl  bond.  Another  useful 
reaction  of  FCIO,  involves  the  replacement  of  the  active  hydrogens  of 
methylene  compounds  by  fluorine  (145,  262,  284).  A typical  example  is 
the  flue*  .nation  of  m&lonic  esters : 

CHi(COO.K),  •—— » CF  i(COOK), 

Since  FCIO,  is  a very  mild  fluorinating  agent,  it  has  found  widespread 
use  for  the  selective  fluorination  of  compounds  such  as  steroids. 

The  reaction  0/  cyclic  amines  with  FGO,  is  similar  to  that  of  FCIO, 
with  NH,  (see  above).  For  example,  the  following  reaction  takes  place 
with  piperidine  (110) : 
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2^ NH  + FCIO, 


O'- 


CIO*  + 


O*-' 


(For  Additional  recent  publications  dealing  with  the  use  of  FClOj  as  a 
reagent  for  the  synthesis  of  organic  compounds,  see  Refs.  94,  JOS,  111, 
114-116, 153,  159,  212,  213,  217,  250,  286,  289  and  290.) 


5.  Uses 

The  moat  thoroughly  studied  application  of  FClOj  is  its  use  as  an 
oxidant.  Ths  spectra  of  fuel-FC10j  flames  were  studied  (177),  and  the 
flame  speed  in  mixtures  of  CH4  with  air  and  FCIO*  was  measured  (131). 
The  Hj-FCIOj  flame  was  found  (251)  to  be  readily  controllable  with  a 
low  background  and  useful  as  an  excitation  source  for  flame  photometry. 
For  rocket  propulsion,  the  performance  of  either  neat  FCIO,  or  com- 
binations with  other  oxidizers,  such  as  halogen  fluorides  (11,  26),  was 
studied  and  typical  performance  data  (106)  are  given  in  Table  XXX. 
Small  amounts  of  C1F,  can  be  added  to  neat  FCIO,  to  provide  self- 
ignition. The  performance  of  FCIO,  as  an  oxidizer  is  similar  to  that  of 
N,04  (106, 136),  and  the  burning  rate  of  solid  propellants  is  increased  by 
FCIO,  (267).  It  has  also  been  proposed  to  use  an  acetylene~FC10,  torch 


TABLE  XXX 

PcaroaXANCK  or  Selected  Storable  Liquid  Oxidizers  for 
Rocket  Propulsion" 


Oxidizer 

Fuel 

Specific 

impulse11 

(sec) 

Density 
impulse 
(gin  sec/om*) 

FC10* 

UDMHe 

290 

337 

CF, 

UDMH 

279 

382 

66ClF,/36  FC10, 

UDMH 

288 

380 

PGlOj 

LiH  solid4 

273 

337 

CIF* 

LiH  solid 

288 

436 

88  ClFt/12  FC10, 

LiH  solid 

291 

433 

FCIO* 

n»h4 

296 

368 

Oil’s 

N*H4 

292 

436 

N*0< 

N*H4 

291 

364 

J Data  from  Gall  (106). 

* Pound  force  x sec/lb  mass;  shifting  equilibrium;  pressure  ratio 
1000:14  7 

* UV. symmetrical  dimethylhydrazine. 

* LiK,  e j Vi ; organic  binder,  16%. 
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for  cutting  and  welding  of  metals,  in  the  Sterling  cycle  engine,  in  high- 
pressure  gas  generation  for  turbine  drive,  in  fuel  cells,  and  in  explosives 
similar  to  Sprengel  liquid  0,-carbon  powder  combinations  (105),  and 
as  a deodorant  in  aerosol  spray u (170).  However,  the  latter  application 
appears  very  doubtful  in  view  of  the  substantia]  toxicity  of  FCIO, 
(see  above). 

The  use  of  FC10,  as  a chemical  reagent  for  the  introduction  of 
fluorine  or  a (’10,  group  has  been  discussed  in  detail  in  Section  III,  K,  4 
and  is  of  special  value  tor  the  synthesis  of  fluorine-containing  steroids. 
The  polymerization  of  ethylene  under  a pressure  of  hundreds  of  atmo- 
spheres and  a temperature  of  about  200°C  in  the  presence  of  F010,  has 
been  patented  (135). 

There  are  patents  on  the  use  of  FC10,  as  a heat  transfer  medium  in 
refrigeration  (165)  and  as  an  insecticide-fungicide  (123).  Owing  to  its 
ability  to  absorb  intensively  slow  electrons  (138),  FC10,  can  be  used  as 
a gaseous  insulator.  Its  dielectric  properties  are  superior  to  those  of  SFa> 
and  it  hardly  deteriorates  on  exposure  to  y-irradiution  (104). 

General  information  on  shipping,  handling,  safety,  etc.,  of  FCIO,  can 
be  found  in  Gall's  review  (106). 

L.  Chlorine  Fluoride  Oxide  Radicals 

Very  little  is  known  about  chlorine  fluoride  oxide  radicals.  Although 
the  formation  of  the  FCIO,-  radical  anion  in  the  reaction  of  FC10,  with 
nucleophilic  agents  has  been  postulated  (286),  it  has  not  been  isolated  and 
characterized. 

The  only  well-known  speoies  is  the  FC10+  radical  cation.  The  ESR 
spectrum  of  this  species  was  first  reported  by  Olah  and  Comisarow  (214, 
215)  for  both  the  ClF,-SbF6  and  the  ClF&-SbF6  system.  However,  the 
spectrum  was  incorrectly  interpreted  in  terms  of  a C1F+  radical  cation. 
Euchus,  Slight,  and  Symons  (86)  suggested  that  the  observed  spectrum 
is  due  to  FCiO+  and  not  to  C1F+.  This  conclusion  was  supported  by  Christe 
and  Muirhead  (62)  who  showed  that,  in  the  pure  ClF,-SbF6  and  C1F,- 
SbFs  systems,  this  species  could  not  be  observed  but  was  generated  by 
impurities  in  the  starting  materials.  Additional  evidence  for  this  species 
containing  oxygen  was  obtained  by  Gillespie  and  Morton  (121)  who 
investigated  the  reaction  of  C1F  and  of  C1,-C1F  with  the  superacid 
medium  HSO,F-SbFs-SO,.  It  was  shown  that  the  addition  of  H,0  to 
solutions  of  ClF,+SbF,“  in  SbF,  strongly  enbanoed  the  ESR  signal 
attributed  to  CIF+  by  Olah  and  Comisarow.  They  suggested  that  the 
speoies  was  due  either  to  FC10+  or  FC10t+,  although  their  attempts  to 
detect  l70  hyperfine  splitting  in  a sample  treated  with  enriched  water 
were  unsuccessful.  The  conclusive  identification  of  this  species  was 
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recently  reported  by  Morton  end  Preston  (199).  By  using 1 70  substitution 
techniques,  they  succeeded  in  proving  that  the  species  contains  1 oxygen 
atom  and  is  best  described  as  FC1Q+.  This  radical  cation  is  characterized 
by  its  g value  of  2.0069  and  the  following  hyperfine  interactions: 
o17  — 18.0,  a]8  - 20.4,  and  atl  — 12.9  G. 

During  a matrix-isolation  infrared  study  of  the  Ft-CljO  and  C1F-0, 
systems,  a new  species  was  observed  by  Andrews  ei  al.  (5)  at  733.8  cm-1 
which  was  tentatively  assigned  to  the  CiFtO*  radical.  However,  more 
data  are  needed  for  the  positive  identification  of  this  species. 

M.  Miscbixanxous 

The  ClOjF*-  anion  has  been  reported  by  Mitra  and  Ray  (197). 
However,  in  our  opinion  their  claim  is  almost  oertainly  incorrect. 

A oom pound  of  the  empirical  composition  FC120«  was  claimed  by 
DeGuevara  (79).  The  following  self-explanatory  abstract  of  this  patent 
was  found  in  Chemical  Abstracts  and,  we  are  confident,  will  be  enjoyed 
by  the  more  knowledgeable  readers : 

The  title  oompd.  which  is  claimed  to  be  novel  is  prepd.  by  reacting  in  a 
hermetically  sealed  flask  600  ml.  66°  Be  HjSO*.  Cs(OCI)j  6-10,  KCIOj  9-20, 
KClOj  10-20,  and  MgfClOdt  10-20  g.  Cl  and  a Cl  oxide  aro  given  off,  washed, 
and  collected  as  a stabilised  aq.  toln.  Simultaneously,  V is  produced  from  Cal?i 
and  HtSO*  and  washed  and  dried.  The  F is  passed  into  the  stabilized  aq.  soln.  of 
FCltO«,  whioh  is  suitable  for  use  us  an  antiseptic,  preservative,  and  purifier  in 
the  food,  wine,  perfume,  and  water  industries  and  as  a humectant  and  bleach 
for  textiles. 


IV.  Appendix:  Tables  of  Thermodynamic  Properties 
for  Some  Chlorine  Oxyfluorldes 
TABLE  Al 

Tbicucodynakic  Pkofkbtixs  rou  CIFsO  Gas* 


T(-K) 

C,o  fJO-Ho0 

[oal/(mole  deg)]  (kcal/rnole) 

[eal/(mo)e  dog)] 

A* 

[oal/(mole  deg)] 

0 

0 

0 

0 

0 

100 

9.722 

0.837 

40.266 

67.624 

200 

14.932 

2.072 

66.613 

66.971 

298.26 

18.693 

S.732 

60.169 

72.676 

200 

18.646 

3.766 

60.237 

72.790 

400 

20.876 

6.761 

64.108 

78.486 

600 

22.260 

7.913 

67.478 

83.306 

600 

23.160 

10.187 

70.470 

87.448 

700 

23.771 

12.636 

73.169 

91.067 

800 

24.200 

14.936 

76.602 

94.271 

900 

24.612 

17.372 

77.838 

97.141 
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TABLE  AI — continued 


c, • 

-(Eo-/f0°)/T 

S° 

T(’K) 

[cal /{mole  deg)]  (kcal/molo) 

[cal/(mole  deg)] 

[cal/(mole  deg)] 

1000 

24.744 

10.835 

70.000 

00.736 

1100 

24.021 

22.310 

81.813 

102.103 

1200 

25.050 

24.818 

83.505 

104.277 

1300 

26.168 

27.330 

85.265 

106.288 

1400 

26.256 

20.861 

86.834 

108.156 

1500 

25.328 

32.380 

88.314 

109.001 

1600 

25.387 

34.016 

80.715 

111.538 

1700 

26.437 

37.468 

01.044 

113.078 

1800 

25.470 

40.003 

02.300 

114.533 

1900 

25.514 

42.553 

03.518 

115.012 

2000 

25.545 

45.106 

04.668 

117.221 

« Data  from  Christo  and  Curtis  (55). 

TABLE  All 

THERMODYNAMIC  PROPERTIES  TOR  ClFjOt  QaS* 

<V 

-(F°-H0°)IT 

5® 

TC  K) 

[cal/(mole  deg)]  (koal/inolo) 

[cal/(molo  dog)] 

[cal/(mole  dog)] 

0 

0 

0 

0 

0 

100 

10.127 

0.847 

48.087 

57.437 

200 

16.511 

2.170 

55.516 

66.411 

208.15 

21.266 

4.040 

60.375 

73.950 

300 

21.327 

4.080 

60.459 

74.088 

400 

24.384 

6.386 

64.711 

80.675 

500 

26.362 

8.030 

68.484 

80.344 

600 

27.685 

11.636 

71.881 

01.275 

700 

28.500 

14.453 

74.068 

05.615 

800 

20.251 

17.347 

77.795 

09.470 

000 

20.727 

20.208 

80.400 

102.953 

1000 

30.086 

23.280 

82.816 

106.105 

1100 

30.360 

26.312 

86.086 

108.985 

1200 

30.674 

20.350 

87.171 

111.637 

1300 

30.745 

32.425 

89.148 

114.001 

1400 

30.833 

35.507 

01.012 

116.375 

1500 

30.005 

38.601 

02.776 

118.500 

1600 

31.080 

41,706 

04.447 

120.513 

1700 

31.167 

44.818 

06.036 

122.400 

1800 

31.233 

47.038 

07.651 

124.183 

1000 

31.280 

51.064 

08.007 

125.873 

2000 

31.337 

54.106 

100.382 

127.480 

• Data  from  Christo  and  Curtis  (57). 
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Thousand  Oaks,  California  91360 


During  our  studies  of  dioxygenyl  compounds  [1-3]  we  have  also  explored 
the  synthetic  usefulness  of  02+  salts  for  the  generation  of  F atoms  at  low 
temperature.  Displacement  reactions  between  02+MFg‘  and  suitable  amphoteric 
molecules  produces  free  02F  radicals  which  can  readily  decompose  to  02  and 
atomic  F [4]  as  shown  by  the  following  typical  example 

C1F30  + 02+SbF6'  -*•  ClF20+SbF6'  + OgF*  .. 

02F-  * 02  + F‘ 

This  method  of  in  situ  generation  of  F atoms  is  superior  to  uv-photolysis 
If  one  of  the  desired  products  is  unstable  towards  uv-radiation.  Furthermore, 
02+  salts  can  readily  be  synthesized  [5,6]  in  large  quantities  and,  hence, 

F atoms  can  be  generated  In  this  way  more  economically  and  at  lower  tempera- 
tures than  by  the  thermal  decomposition  of  compounds,  such  as  KrFg.  While 
our  study  of  this  method  so  far  has  not  produced  any  new  high  oxidation 
state  compounds,  interesting  observations  were  made  which  provide  a better 
understanding  of  the  nature  of  the  violet  and  blue  unstable  compounds, 
first  reported  In  1962  by  Streng  and  Grosse  [7]. 

The  deep  violet  compound  was  obtained  [7]  by  the  reaction  of  02F2 
with  C1F  at  -133  to  -154°.  This  compound  was  a strong  oxidizer  and  was 
stable  at  -78V  It.  was  soluble  In  anhydrous  HF  at  -78°  and  was  not  an 
electrolyte.  Its  thermal  decomposition  was  suppressed  by  oxygen.  Based 
on  the  observed  stoichiometry  of  the  overall  reaction 

02F2  + C1F  + C1F3  02 
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the  violet  compound  was  postulated  to  have  the  composition  (Cl )n . The 
same  material  was  also  obtained  by  the  Interaction  of  Q2F2  with  Cl2  or  HC1 
or  by  uv-photolysis  of  mixtures  of  C1F3  ana  02  at  -78°  [7-9].  The  violet 
compound  could  be  converted  Into  a blue  compound  by  treatment  with  Cl F at 
-133°  or  by  pumping  off  the  oxygen  decomposition  product  from  the  violet  HF 
solution  at  -78*  [8].  Similar  violet  unstable  compounds  were  also  observed 
in  the  reactions  of  02F2  with  either  BrF^  or  SF^  producing  BrFs  + 02  and 
SFg  + 02»  respectively  [8].  However,  no  Inferences  were  drawn  that  the 
unstable  violet  Intermediate  formed  In  all  of  these  reactions  might  be 
Identical,  and  was  explained  In  terms  of  the  compounds  Cl F3O2 » BrF502. 
and  SF602»  respectively  [8]. 

The  nature  of  these  violet  and  blue  compounds  was  studied  by  Gardiner 
and  Turner  [10,11]  by  Infrared  and  visible  spectroscopy.  The  violet  and 
the  blue  compound  exhibited  an  Infrared  absorption  at  1535  and  1^27  cm'1, 
respectively,  and  were  Interpreted  In  terms  of  the  peroxides  F2C100F  and 
F2CIOOCIF2,  respectively  [10].  Evidence  was  also  found  [11]  for  the 
existence  of  an  oxygen  pressure  dependent  equilibrium  between  the  violet 
and  the  blue  compound 

violet  species  --n  blue  species  + O2 

In  the  present  study  It  was  found  that  Intensely  colored  species, 
exhibiting  the  same  characteristics  ana  thermal  stability  as  Streng's 
violet  and  blue  compounds,  could  be  obtained  for  example  by  the  reaction 
of  02+SbF6“  with  CF,  CIF3,  C1F5,  CIF3O,  BrFg  or  HF,  the  reaction  of 
02+AsFg"  with  FC102  or  HF,  and  the  reaction  of  02+GeF5"  with  HF.  The 
observed  color  scheme  was  similar  for  all  systems.  On  melting  of  the 
amphoteric  component  an  Intensely  violet  colored  species,  stable  below 
-78°  was  formed.  Frequently,  the  violet  color  was  concentrated  near  the 
surface  of  the  solid  02*  salt,  whereas  the  solution  had  a brownish  color. 

On  further  warm  up  the  colors  changed  towards  brown  and  then  disappeared 
with  gas  evolution.  The  observed  colors  also  depended  to  some  extent  on 
the  melting  point  of  the  amphoteric  reagent.  For  example,  In  the  case  of 
CIF3O  which  has  the  highest  up  (-42°)  of  all  the  compounds  studied,  the 
higher  reaction  starting  temperature  resulted  In  the  Immediate  formation 
of  the  brown  species. 

TTie  nature  of  the  reactions  was  studied  by  allowing  the  reactions  to 
go  to  coaipletlon  at  room  temperature,  obtaining  material  balances,  and 
Identifying  the  solid  products  by  vibrational  spectroscopy.  It  was  found 
that  lower  oxidation  state  compounds  were  fluorlnated  with  02  evolution  as 
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found  by  Streng  [8]  for  the  corresponding  O2F2  systems.  The  solids  were 
the  HFg"  salts  of  the  amphoteric  fluorides.  For  the  higher  oxidation 
state  compounds,  a simple  displacement  reaction  accompanied  by  Og  and  F2 
evolution  occurred  as  shown  above  for  C1F30.  The  only  exception  to  this 
scheme  was  HF,  which  on  contact  with  (^MFg"  showed  Initially  a violet 
color.  However,  on  warm  up  to  room  temperature  a colorless  stable  solution 
of  02+HFg"  in  HF  was  obtained,  thus  demonstrating  that  HF  does  not  Interact 
with  02+MFg".  The  intensity  of  the  Initial  violet  color  appeared  to  vary 


Fig.  1,  Typical  esr  spectra  of 
the  colored  species  produced  by 
the  Interaction  of  02+SbFg-  with 
amphoteric  molecules.  Spectrum  A: 
violet  species  In  high  concen- 
tration at  -196*  formed  In  the 
02+SbFg*-Cl F3  system.  When  warmed 
to  -78*  and  recooled  to  -196*.  the 
Intensity  of  the  signal  decreased 
and  Its  llnewldth  changed  from  53 
to  33  G.  Spectrum  B:  light  violet 
species  in  the  02+SbFg"-BrF5  system 
at  -196°.  Spectrum  C:  CbF  observed 
at  -150°  In  the  O^SbFg'-ClFjO 
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with  the  degree  of  dryness  of  the  HF  and,  therefore,  the  following  reaction 
Is  most  likely  responsible  for  the  Initial  violet  color: 

02+HFg-  + HF  + H20  H30+HF6-  + 02F 

The  stability  of  02+^6*  In  HF  solution  at  room  temperature  was  verified 
by  Raman  spectroscopy.  The  spectrian  showed  bands  at  656,  565,  and  273  cm'1, 
characteristic  [12]  for  octahedral  SbFg‘,  and  at  1870  cm'1,  characteristic 
[4]  for  02+. 

Since  the  Intense  colors  observed  for  the  above  systems  suggest  the 
presence  of  paramagnetic  species,  the  colored  species  were  generated,  then 
frozen  at  -196°,  and  their  esr  spectra  were  recorded.  It  was  found  that 
the  Intense  colors  are  Indeed  associated  with  paramagnetic  species  and, 
hence,  cannot  be  due  to  o. .magnetic  species  such  as  Cl F3O2 » BrF5Q2  [7-9], 
C1F200F,  or  ClFjOOCIFg  [10,11].  Recently  It  was  also  shown  that  CIF3O2, 
prepared  by  a different  method,  Is  a colorless  stable  compound  [13,14]. 

Typical  esr  spectra  of  the  colored  species  are  shown  In  Figure  1. 
Spectrum  C of  Figure  1 Is  In  excellent  agreement  with  the  known  [15,16] 
anisotropic  esr  spectrum  of  02F.  Previous  studies  [15-17]  on  02F  have 
furthermore  shown  that  the  observed  spectra  are  extremely  sensitive  to 
experimental  conditions.  Thus,  Spectrum  A of  Figure  1 closely  resembles 
the  spectrum  ascribed  to  02F  In  solid  04F2  [17].  This  establishes  the 
presence  of  OjF  In  the  colored  species.  Whether  02F  Is  the  sole  para- 
magnetic species  present  In  these  systems  or  not.  Is  more  difficult 
to  answer.  As  can  be  seen  from  trace  B of  Figure  1,  the  appearance  of 
the  observed  signals  can  significantly  vary.  In  some  cases,  the  observed 
widths  of  the  single  line  signals  were  as  small  as  7 G,  l.e.  much 
narrower  than  the  fluorine  hyperfine  splitting  of  13  G observed  for  the 
Isotropic  spectrum  of  02F  [17].  Furthermore,  the  observed  g values  were 
generally  less  than  2.0.  In  no  case  was  direct  evidence  found  for  the 
presence  of  either  a chlorine  or  multiple  fluorine  atoms  In  the  paramag- 
netic species.  The  narrow  line  widths  and  the  low  g values  cannot  be 
explained  In  terms  of  02F  and  Indicate  the  presence  of  another  paramag- 
netic species.  In  view  of  the  overall  information  available,  plausible 
candidates  for  such  a species  would  be  (02)nF  or  less  likely  (02)n+. 
where  n > 2. 

Another  Interesting  observation  was  made  when  recording  at  ambient 
temperature  the  infrared  spectra  of  the  solid  reaction  products  con- 
taining halogen  fluoride  MFg*  salts  In  addition  to  some  unreacted  02+Mfg*. 
When  these  samples  were  pressed  as  dry  powders  In  silver  halide  disks. 
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Fig.  2.  The  1540  cm*1 
Infrared  absorption 
observed  at  25°  for  the 
purple  species  formed 
when  the  solid  from  the 
FC10?  + 02+SbF6*  reaction 
(C102+SbF6*  and  02+SbF6') 
was  pressed  as  a ary  powder 
in  an  AgCl  disk. 


the  disks  initially  showed  a blue  to  violet  color  which  usually  disappeared 

ithin  0.5  to  1 hour.  The  Infrared  spectrum  (see  Figure  2)  showed  an 

Intense  band  at  1540  cm*1  which  decayed  with  decreasing  Intensity  of  the 

color,  while  the  rest  of  the  spectrum  remained  unchanged.  The  frequency 

of  this  band  Is  similar  to  those  (1535  and  1527  cm*1)  found  by  Gardiner 

and  Turner  [10]  at  -196°  for  the  violet  and  the  blue  species  formed  In  the 

OgFg  + C1F  reaction,  and  to  those  reported  for  O^Fg  (1516  cm'1)  [18-21], 

solid  oxygen  (1550  cm*1)  [22],  and  0-F  (1494-1500  cm*1)  [19,20,23].  For 
+ * 

pure  Og  salts  or  halogen  fluoride  - Lewis  acid  adducts  alone,  no  evidence 
for  any  band  in  this  frequency  region  or  for  violet  colors  was  found  In 
pressed  silver  halide  disks.  Since  matrix  Isolated  and  free  gaseous  species 
usually  have  very  similar  frequencies,  the  colored  species  In  the  silver 
halide  disk  is  probably  not  02F,  but  a polyoxygen  compound,  such  as  (02)nF 
or  possibly  (02)n+. 

Unfortunately,  the  region  (550-600  cm*1)  expected  [19,20,23]  for  the 
0-F  stretching  mode  In  a species  slmllai  to  02F,  was  obscured  by  Intense 
bands  due  to  HFg~  and  the  cations  formed  In  the  displacement  reaction. 
Atteaipts  were  unsuccessful  to  observe  the  1540  cm*1  band  by  placing  a 
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TITANIUM  TETRAPERCHLORATE  AND  CHROMYL  PERCHLORATE 
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Rocketdync,  A Division  of  Rockwell  International,  Canoga  Park,  91304,  U.S.A. 


(Rtr.tivtd  1 1 March  1974) 


AMract— Syntheses  of  titanium  tetraperchlorate  and  chromyl  perchlorate  are  reported  using  chlorine  perchlorate  and 
the  respective  metal  chlorides.  These  anhydrous  metal  perchlorates  were  fou:id  to  contain  bidentate  peichlorato 
ligands. 


Studies  of  anhydrous  metal  p trchlorates  have  been 
restricted  mainly  to  metals  frot.t  Groups  1 and  11(1], 
Limited  studies  of  transition  metal  perchlorates  have  also 
been  reported  [2]  as  well  as  some  work  on  NO/  and  NR,* 
complex  perchlorates  (3).  Only  more  recently  have  the 
halogen  perchlorates  C10CI0>[4]  and  BrOCIOiI5]  become 
available  and  been  shown  to  be  excellent  sources  of 
perchlorates [6],  I(0C10j)j  and  Cs'I(OCIOi)*',  and  the 
novel  fluorocarbon  perchlorate  [7],  CFjOCIOj.  As  a 
continuation  of  the  investigation  of  the  chemistry  of 
chlorine  perchlorate,  its  reactions  with  transition  metal 
chlorides  have  been  examined. 

We  now  report  that  the  action  of  chlorine  perchlorate  on 
titanium  tetrachloride  and  chromyl  chloride  produced 
titanium  tetraperchlorate  and  chromyl  perchlorate,  re- 
spectively. The  observed  stoichiometry  for  the  titanium 
system  was: 

TiCL  + 4C1OC10,  -*  TifCIO*)*  + a. 

The  reaction  was  carried  out  at  or  below  -25",  in  either 
Teflon  FEP  or  stainless  steel  vessels,  and  without  a 
solvent.  Yields  of  TifCIO*)*  were  always  95  per  cent  or 
better  based  on  the  limiting  reagent,  TiCL.  The  identifica- 
tion of  the  TifCIO*)*  was  based  on  the  overall  excellent 
material  balance  obtained  for  the  synthesis,  elemental 
analysis,  and  the  i.r.  and  Raman  spectra  of  the  solid.  A 
patent  reported  (8)  the  preparation  of  Ti(C!0<),  which 
involved  the  reaction  of  TiCL  and  at  least  8-fold  amounts 
of  anhydrous  perchloric  acid.  From  the  data  presented, 
i.e.  m.p.,  analysis  and  stability,  it  appears  that  the 
TifCIO*)*  described  [8]  may  have  been  less  pure  than  our 
samples.  For  example,  it  was  stated  that  long  term  storage 
required  refrigeration  to  avoid  decomposition.  Our 
samples  have  not  degraded  during  3 months  at  ambient 
temperature.  The  CIO,  content  reported,  86  4 per  cent, 
significantly  differs  from  the  theoretical  value  of  89-25  per 
cent.  In  addition,  the  reported  [8]  m.p.  of  90-94"  is 
appreciably  lower  than  our  value  of  101-2",  nor  did  we 
note  any  of  the  polycrystalline  forms  that  were  reported. 
Thus,  it  is  likely  that  the  present  synthesis  produces  an 
anhydrous  material  of  higher  purity. 

The  vibrational  spectra  of  Ti(C10«L  were  particularly 
revealing  with  respect  to  the  nature  of  the  bonding 
between  the  titanium  central  atom  and  the  CIO*  ligands. 


The  i.r.  spectrum  in  the  range  4000-300  cm'1  contained 
bands  at  1300.  1160,  910,  870,  850,  660,  575,  535  and  375 
cm"1,  all  of  strong  to  very  strong  intensity.  These  bands 
are  not  typical  of  either  an  ionic [9]  or  covalent 
monodentatef  10,11]  perchlorate.  Instead,  they  indicate 
the  presence  of  bidentate  perchlorato  groups  in  an 
approximately  tetrahedral  arrangement  around  the 
titanium.  Typical  bidentate  perchlorate  spectra[ll]  show 
two  pairs  of  strong  i.r.  bands  at  about  1310  and  1170,  and 
880  and  660  cm'1.  These  pairs  are  due  to  the  antisymmet- 
ric and  symmetric  stretching  vibrations  of  the  terminal 

>°  >° 

Clf  and  the  bridging  Cl^  groups,  respectively.  They 

are  obviously  dominant  in  the  Ti(CK)*)*  spectrum.  Four 
bidentate  CIO*  groups  surrounding  Ti  lead  to  a 
monomeric,  coordination  number  wise  saturated  configu- 
ration which  accounts  for  its  observed  volatility,  i.e.  low 
temperature  sublimation. 

The  thermal  stability  of  TifCIO*)*  was  examined  in 
closed  bomb  tests.  After  one  hour  at  1 15“,  the  decomposi- 
tion was  incomplete  as  evidenced  by  the  recovery  of  less 
than  the  theoretical  amount  of  oxygen  in  the  form  of  Oj 
and  CliCb.  After  4 hr  at  115°,  approximately  half  the 
oxygen  content  of  the  TifCIO*)*  was  converted  to  O)  and 
half  to  CLOi.  The  latter  was  decomposed  at  190°  in  1-5  hr. 
Quantitative  overall  results  were  obtained  for  the  reaction 
sequence  shown: 

TifCIO*)*  HO*  + 2CLO,  -*->  2CL  + 70*. 

The  observed  OjtCL  ratio  of  3-54:1-00  compared 
favorably  with  the  theoretical  ratio  of  3-50 : 1 00.  The  solid 
product  was  identified  as  titanium  dioxide  by  comparison 
of  its  Raman  spectrum  with  that  of  an  authentic  sample. 

Chromyl  perchlorate  has  been  synthesized  previously 
from  the  reaction  of  chromyl  chloride  and  chlorine 
hexoxide[2).  With  CLO*.  the  observed  reaction  was: 

2CLO*  + CrOjClj  -*•  CrOjfCICMj  + 2CL. 

Chromyl  perchlorate  is  a dark  red  liquid  with  k"s  than  1 
mm  vapor  pressure  at  room  temperature,  its  high 
reactivity  and  low  stability  precluded  successful  transfers 
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in  the  vacuum  line.  Although  AgCl  windows  were 
attacked,  it  was  possible  to  ootain  i.r.  spectra  of  the  liquid 
using  rapid  scanning.  Bands  were  observed  at  130$  s.  1240 
vs,  1 180  s,  1030  s,  980  s,  875  m,  850  m.  735  s,  685  s.  660  s, 
580  m,  545  m.  510  w,  435  w and  380  m cm'1.  These  bands 
indicate  the  presence  of  covalent  bidentaie  perchlorato 
ligands  and  of  a bent  chromyl  group.  As  expected, 
CrCMCIO,),  decomposed  on  heating  according  to  the 
equation: 

CrOfClO*},  CrO,  + Clj  + 35a. 

The  observed  O:  :Ch  ratio  was  3-35 : 1 00  while  the  CrOi 
was  identified  by  its  i.r.  spectrum  and  m.p.  Additional 
studies  of  metal  halides  with  halogen  perchlorates  are  in 
progress  and  will  be  reported  later. 

EXPERIMENTAL 

Titanium  tetrachloride  (1-22  mmole)  and  CIOCIO,  (6  01  mmole) 
were  combined  at  -196*  in  a 75  mi  stainless  steel  cylinder  and  then 
gradually  warmed  to  -25*.  After  several  days,  recooling  to  -196' 
showed  no  noncondensable  gases  were  present.  The  contents  c( 
the  reactor  were  separated  by  fractional  condensation  in  a series 
of  U-traps  cooled  to  -78.  - 1 12  and  - 196*.  Nothing  was  trapped  at 
-78*  while  the  -112*  fraction  consisted  solely  of  unreacted  0,0, 
(t-|7  mmole),  and  the  -196*  fraction  was  CL  (4-88  mmole).  The 
pale  yellow  solid  residue  left  in  the  reactor  weieStd  0-525  g.  The 
weight  calculated  for  I -22  mmole  of  TifCIO,;,  was  0-544  g and 
therefore  the  yield  of  Ti(CIO,),  was  97  per  cent.  Vacuum 
sublimation  of  the  TRCIO,),  was  carried  out  in  a Pyres  apparatus 
at  50-60*  using  a -78*  cold  finger.  The  sublimed  material  was 
nearly  colorless  and  had  a m.p.  with  dec.  of  101-102*.  Almost  no 
residue  remained  unsublimed  {Anal.  Calcd.  for  Ti(CIO,),:Ti, 
10-75;  CIO*.  89  25.  Found;  Ti,  10  8;  CIO,,  87-9%).  A sample  of 
Ti(CIO,),  (0-242  mmole)  was  healed  in  a stainless  steel  cylinder  for 
4 hr  at  115*  followed  by  1-5  hr  at  190*.  This  produced  0,  (1-705 


mmole).  n;  (0  481  mmole)  and  a while  solid  residue  of  TiO;  fO  24 1 
mmole) 

Chromyl  chloride  (1-41  mmole)  and  CIOCIO,  It  16  mmole)  were 
reacted  al  - 45”  for  several  days  in  a stainless  slcel  cylinder  Afler 
separation  and  identification,  the  volatile  piodutls  found  were 
CrO,F,  (0T8  mmole),  Cl,  (2-59  mmole)  and  0,0.  (0-66  mmole). 
The  CrO,  (CIO,),  0-23  mmole)  remained  in  the  cylinder.  The 
CrO,F,  probably  arose  through  reaction  of  CrO, Cl,  with  the  CIF, 
passivated  metal  surfaces  in  the  reactor  and/or  vacuum  line  during 
transfers  (Anal.  Calcd.  for  CrO,  (CIO,), :CIO„  70-3  Found:  CIO., 
69-6%).  A sample  of  CrO,  (CIO,),  (0-65  mmole)  was  pyrolyrcd  for 
15  hr  at  110*  producing  Cl,  (0-66  mmole),  O,  (2-21  mmole)  and 
CrO,  (0-65  mmole),  m.p.  195-7*,  lit.  196*. 
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Low-temperature  uv  photolysis  was  used  to  synthesize  the  novel  NFV  salts  NF4PF6  and  NF4C:eFs  and  the  known  salts 
NF4BF4  and  NF4ASF4.  This  technique  offers  the  first  convenient,  simple,  and  high-yield  synthesis  for  NF4BF4.  The  NF4PF4 
and  NF4GeFs  salu  were  also  prepared  from  NF4BF4  by  displacemei  ,t  reactions  with  PF$  and  GeFa,  respectively.  Treatment 
of  NF4GeFs  with  anhydrous  HF  resulted  in  its  conversion  to  (NF^jGcFt,  and  (NF4hGeF6  was  quantitatively  converted 
back  to  NF4GeF5  by  treatment  with  an  excess  of  GeF4.  The  NF4*  salts  were  characterized  by  vibrational  and  l9F  NMR 
spectroscopy  and  x-ray  powder  data.  A cis-fluorinc-bridged  polymeric  structure  is  proposed  for  GeFj"  in  its  NF4+  salt 
based  on  the  spectroscopic  data,  its  thermal  stability,  and  lack  of  reaction  with  either  liquid  N2F4  or  FNO2-  The  applicability 
of  low-temperature  uv  photolysis  to  other  reactant  systems  was  briefly  studied.  The  hydrolysis  of  Nl-V  salu  was  reinvestigated. 


introduction 

The  synthesis  of  NF4+  salts  had  been  discouraged  by  the 
nonexistence  of  a stable  NF5  parent  molecule  and  theoretical 
computations1,2  showing  that  these  salts  should  be  thermo- 
dynamically unstable.  Once  the  principle  was  recognized3,4 
that  NFa*  salts  can  be  prepared  from  NFj,  F2,  and  a strong 
Lewis  acid  in  the  presence  of  a suitable  activation  energy 
source,  various  synthetic  approaches  were  discovered. 

Low-temperature  glow  discharge  was  used  for  the  synthesis 
of  NF4AsF64,5  and  NF4BF46,7  High-pressure  and  thermal 
activation  were  employed8,9  for  the  synthesis  of  the  thermally 
very  stable  NF4SbF6-*SbF5.  The  latter  method  was  also 
applied  to  the  synthesis  of  NF4AsF6,  but  the  reaction  rates 
are  low  and  metal  salts  are  formed10  as  by-products 
Low-temperature  7 irradiation  was  used1 1 to  prepare  NF4BF4, 
but  it  requires  special  equipment  (3-MeV  bremsstrahlung)  and 
cannot  easily  be  scaled  up.  Impure  NF4BF4  can  be  prepared 
by  metathesis12,13  from  the  readily  accessible9  NFsSbFs- 
xSbF5;  however,  product  purification  is  difficult.  A novel 
method14  involving  uv  photolysis  was  recently  reported  for  the 
synthesis  of  NF4BF4,  NF4ASF6,  and  N FtSbFs-xSbF;;  how- 
ever, the  yields  obtained  for  the  BF4  and  the  AsFa”  salt  were 
discouragingly  low. 

In  view  of  the  general  interest  in  N Fs+  salts  and  the  im- 
portance of  NF4BF4  for  chemical  HF-DF  lasers,  we  were 
interested  in  improved  methods  for  synthesizing  pure  N F4+ 
salts  and  in  the  synthesis  of  novel  salts.  The  results  of  this 
study  are  summarized  in  this  paper. 

Experimental  Section 

Materials  ami  Apparatus.  Volatile  materials  were  manipulated  in 
well-passivated  (with  CIFj)  stainless  steel  or  Monel  vacuum  lines 
equipped  with  Teflon  FEP  U-traps  and  bellows- teal  valves.  Pressures 
were  measured  with  a Heise  Bourdon  tube-type  gauge  (0-1500  mm 
± 0.1%)  or  a Validyne  Model  DM56A  pressure  transducer.  Non- 
volatile materials  were  handled  outside  of  the  vacuum  system  in  the 
dry  nitrogen  atmosphere  of  a glovebox. 

Arsenic  pen ta fluoride,  PF5,  and  GeF4  (Ozark  Mahoning),  NFj 
and  F2  (Rocketdyne),  BFj  and  Kr  (Matheson),  and  Of  1 (Allied 
Chemical)  were  purified  by  fractional  condensation  prior  to  their  use. 
The  CF3NF2  was  prepared  by  uv  photolysis  of  a mixture  of  (CFj- 
CO)20  and  N2F4. 

The  infrared  spectra  were  recorded  on  a Perkin-Eimer  Model  457 
spectrophotometer  as  dry  powders  between  AgCi  or  AgBr  windows 
in  the  form  of  pressed  disks.  The  pressing  operation  waa  carried  out 
using  a Wilks  minipellct  press.  Raman  spectra  were  recorded  on  a 
Cary  Model  83  double  monochromator  using  the  4880-A  exciting  line, 
a Oasssen  filter13  for  the  elimination  of  plasma  lines,  and  quartz  or 
Teflon  FEP  tubes  as  ample  containers.  The  19F  NMR  spectra  were 
recorded  at  56.4  MHz  on  a Varian  Model  DA-60  higb-resolution 
NMR  spectrometer.  Chemical  shifts  were  determined  by  the  side-band 
technique  with  an  accuracy  of  ±!  ppm  relative  to  the  external  standard 
CFClj.  Anhydrous  HF1*  was  used  as  a solvent  and  Teflon  FEP  tubes 
(Wilmed  Glass  Co.)  were  used  as  ample  containers.  The  thermal 


decomposition  of  NF4+  salts  was  examined  with  a Perkin-Eimer 
differential  scanning  ( jlorimeler  (Model  DSC- IB)  using  crimp-seal 
aluminum  pans  as  sample  containers  and  heating  rates  of  5a/min  at 
atmospheric  pressure.  Debye- Scherrer  powder  patterns  were  taken 
using  a GE  Model  XRD-6  diffractometer  with  nickel-filtered  copper 
Ka  radiation.  Quartz  capillaries  (~ 0.5- mm  o.d.)  were  used  as  sample 
containers. 

The  low-temperature  uv-pliotolysis  reactions  were  carried  out  in 
either  a quartz  or  a stainless  steel-sapphire  reaction  vessel.  The  quartz 
reactor  had  a pan-shaped  bottom  and  a flat  top  consisting  of  a 3-in. 
diameter  optical  grade  quartz  window.  The  vessel  had  a side  arm 
connected  by  a Teflon  O ring  to  a Fischer-Porter  Teflon  valve  to 
facilitate  removal  of  solid  reaction  products.  The  oepth  of  the  reactor 
was  about  15  in.  and  its  volume  was  1.35  ml.  The  steel-sapphire 
reactor  was  constructed  from  a 3 in.  long,  1.75  in.  wide  (volume  120 
ml)  347  stainless  steel  cylindrical  body  provided  with  a 2-in.  diameter 
sapphire  flat  sealed  to  the  cell  body  by  means  of  a flange  and  a Teflon 
O-ring.  A side  arm  closed  by  a steel  valve  was  attached  to  the  cell 
body.  The  uv  source  consisted  of  a 9G0-W  air-coolcd  high-pressure 
mercury  arc  (General  Electric  Model  B-H6)  and  was  positioned  1.5 
in.  above  the  flat  reactor  surface.  The  bottom  of  the  reactors  was 
kept  cold  by  immersion  in  liquid  N2.  Dry,  gaseous  N2  was  used  as 
a purge  gas  to  prevent  condensation  of  atmospheric  moisture  on  the 
flat  top  of  the  reactor.  As  a heat  shield  a 0.25  in.  thick  quartz  plate 
was  positioned  between  the  uv  source  and  the  top  of  the  reactor 

Syntheses  of  NF4+  Saks  by  Uv  Photolysis.  In  a typical  experiment, 
premixed  NF3  and  BFj  (27  mmol  of  each)  were  condensed  into  the 
cold  (-196  °C)  bottom  of  the  pan-shaped  quartz  reactor.  Fluorine 
(9  mmol)  was  added  and  the  mixture  was  photolyzed  at  -196  °C  for 
1 h with  a 900- W high-pressure  Hg  arc  in  the  manner  described  above. 
After  termination  of  the  photolysis,  volatile  material  was  pumped  out 
of  the  reactor  during  its  warm-up  to  room  temperature.  The  non- 
volatile white  solid  product  consisted  of  N F4BF4  ( 1 .0  g)  which  was 
shown  by  vibrational  spectroscopy  and  elemental  analysis  to  contain 
no  detectable  impurities. 

The  uv  photolyses  of  other  systems  were  carried  out  in  the  tame 
manner  and  the  results  are  summarized  in  Table  I. 

Sytboe*  of  NF,+  Saks  by  Dj^hctiret  Rfftknw  without  Solve*. 
In  a typical  experiment,  pure  NF4BF4  (2.07  mmol)  was  combined 
at  -196  #C  with  an  excess  of  PF5  (40.01  mmol)  in  a passivated  (with 
C1F3)  10-ml  316  stainless  steel  cylinder.  The  mixture  was  kept  at 
25  °C  for  64  h.  The  volatile  materials  were  removed  in  vacuo  and 
separated  by  fractional  condensation.  They  consisted  of  BF3  (2.05 
mmci)  and  unreacted  PFj  (37.93  mmol).  The  white  solid  residue 
had  gained  1 20  mg  in  weight.  Based  on  the  above  material  balance, 
the  conversion  of  NF4BF4  to  NF4PF4  was  essentially  complete.  This 
wax  further  confirmed  by  vibrational  spectroaoopy  which  showed  the 
solid  to  be  NF4PF4  containing  no  detectable  amounts  of  NF4BF4. 

A displacement  reaction  between  NF4BF4  and  GeF4  was  carried 
out  in  a similar  manner  and  resulted  in  a 65  mol  % conversion  of 
NF4BF4  to  NF4GeF5.  When  this  step  was  repeated  two  more  time*, 
the  conversion  of  NF4BF4  to  NF4GeF5  was  complete  as  shown  by 
the  observed  material  balance,  the  absence  of  BF4'  bands  in  the 
vibrational  spectra,  and  elemental  analysis. 

For  the  elements!  analysis,  NFsGeFj  (0.339  mmol)  was  hydrolyzed 
in  a Teflon  FEP  U-trap  with  2 ml  of  d Stilled  water.  The  formed  Oj 
(0.1 14  mmol)  was  distilled  off  at  -196  #C  and  the  NFj  (0.336  mmol) 
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Table  I.  Comparative  Yields  of  Products  f ormed  by  Uv 
Photolysis0  at  196  V 


Tea.  lants 

Solid  Product 

Rate  of 
formn  of 
solid,  mg/li 

Nt 

. ill-'.,  1 , 

NF',  Bl-., 

1000 

NF 

, Asl  ,,  F. 

NF,  AsF„ 

1 145 

Nl- 

, PI-  . F, 

N(,PF„ 

10 

NF 

• Gel- 4,  F, 

NF,GcF, 

25 

NF,, 

N,,  Asl-',,  r, 


CTGNF,,  Asl-,.  F, 

Asl-','  salts  of  Nl-,', 

1051 

N,F  , \ N , F* 

OF,,  Asl  ,,  F, 

O, AsF, 

130 

° The  it v souice  was  a 900-W  <GF  B-H6)  mercury  arc  without 
lucking  mirror  The  mole  ratio  of  the  reactants  was  3:3: 1.  All 
reactions  were  carried  out  in  the  pan-shaped  quartz  reactor  with 
unfiltrrcd  radijtion  and  a radiation  time  of  I It  without  reactant 
surface  renewal,  l or  these  reasons  the  given  formation  rates  do 
not  represent  maximum  a.tainable  values  but  are  given  for 
comparative  purposes. 

at  -126  ■’C.  They  were  identified  by  mass  and  infrared  spectroscopy. 
The  aqueous  solution  was  analyzed  by  x-ray  fluorescence  for  Ge  (calod 
for  NFsGcFs,  28.2;  found,  28.6)  and  for  hydrolyzable  F with  an  Orion 
specific  ion  fluoride  electrode  (cakd,  44.3;  found,  43.7).  The  presence 
of  F1202  in  the  hydrolysate  was  established  by  its  ability  to  oxidize 
iodide  to  free  iodine  and  mangancse(Il)  to  manganese(IV)  and  to 
reduce  Mn04  . 

Syntheses  of  NF4+  Saks  by  Dispbcemcnt  Reactions  in  HF  Solution. 

In  a typical  experiment  pure  NF4BF4  (2.6  mmol)  were  placed  into 
a passivated  30-ml  Teflon  FEP  ampule  and  liquid  FIF  (3  ml)  and  GeF< 
(3.59  mmol)  were  added  at  -196  °C.  Upon  warm-up  of  the  mixture 
to  room  temperature  bubbling  and  foaming  was  noticed.  The  contents 
of  the  ampule  were  agitated  at  25  °C  for  several  hours  on  a mechanical 
shaker.  The  volatile  material  was  pumped  off  and  based  on  the 
observed  material  balance  and  spectroscopic  and  elemental  analyses 
of  the  solid  product,  the  conversion  of  NF4BF4  to  a mixture  of 
NFaGeFs  and  (NF4)2GcF<,  was  33  mol  %.  After  repeating  this 
procedure  for  three  more  times,  the  conversion  of  NF4BF4  was  85 
mol  % and  the  mole  ratio  between  NF4GCF5  and  (NF4)2GeF6  was 
about  1.3:1. 

Similar  exposure  of  NF4BF.,  to  an  excess  of  PF5  in  HF  solution 
resulted  for  a single  and  triple  treatment  in  a conversion  of  NF4BF4 
to  NF4PF6  of  8 and  17  mol  %,  respectively.  However,  treatment  of 
NFaAsFs  with  GeF4  in  HF  solution  did  not  produce  any  detectable 
amounts  of  GePV  or  GeF5'  salts. 

Interconversioo  of  NFsGeFs  and  (NF4)2G«F6.  A sample  of  pure 
NF4GeFs  was  dissolvod  in  a large  excess  of  anhydrous  HF  in  a Teflon 
FEP  ampule.  After  keeping  this  solution  at  25  °C  for  6 h,  the  volatile 
products  were  pumped  off  at  25  °C.  This  procedure  was  repeated 
three  more  times  and  the  progress  of  the  reaction  was  followed  by 
determining  the  weight  change  of  the  solid  residue  and  spectroscopic 
and  elemental  analyses  of  the  solid.  After  the  fc  ~ treatment, 
the  conversion  of  NF4GeF3  to  (NF4)2GeF<;  was  y complete. 

Anal.  Calcd:  Ge,  19.8;  NFj,  38.7;  hydrolyzable  h,  41.5.  Found: 
Ge,  19.9;  NF3,  38.5;  hydrolyzable  F,  41.1. 

A sample  of  pure  (NF4)2GeF6  was  treated  al  25  ®C  with  a tenfold 
excess  of  liquid  GeF4  for  20  h.  The  unreacted  GeF4  was  pumped  off 
at  40  °C.  Based  on  the  observed  material  balance  and  spectroscopic 
and  elemental  analyses  of  the  solid  product,  the  (NFahGeFs  was 
quantitatively  converted  to  NFaGeFj. 

Interaction  of  NF4GeFs  with  N2F4  tad  FN02.  A sample  of 
NF4GCF5  was  treated  at  -78  ®C  for  several  hours  with  a large  excess 
of  either  liquid  N2F4  or  FN02.  Based  on  the  observed  material 
balances  and  spectroscopic  analyses  of  the  product,  very  little  reaction 
occuned.  The  main  product  was  unreactod  NFsGeFj  containing  some 
GeF62~  salt. 

Results  und  Discussion 

Syntheses  of  NF4+  Suits  by  Uv  Photolysis.  The  difficulty 
of  synthesizing  NF4+  salts  from  NF3,  F2,  and  a Lewis  acid 
increases  with  decreasing  strength  of  the  Lewis  acid.  Whereas 
the  SbF6  *xSbF;  salt  can  readily  be  prepared  using  thermal 
activation8,9  or  room-temperature  uv  photolysis,14  these 


Christc,  Schack,  and  Wilson 

methods  are  of  only  marginal  feasibility  for  the  AshV  -tilt  and 
of  little  or  no  use  for  .he  BF4  salt.  Since  no  simple  methods 
existed  for  the  convenient  synthesis  of  the  interesting  compound 
NF4+BF4'  in  high  purity  and  yield,  we  have  searched  for  novel 
synthetic  approaches. 

it  was  found  that  low-temperature  uv  photolysis  is  ideally 
suited  for  preparing  NF4BF4.  A large  number  of  reaction 
parameters  were  studied1 ' to  maximize  the  yield  Maximum 
yields  of  NF4BF4  were  obtained  close  to  liq  tid  nitrogen 
temperature  (-196  °C)  using  unfiltered  uv  radiation,  a short 
path  length  to  avoid  recombination  of  F atom.,  to  molecular 
F2.ia  and  periodic  addition  of  fresh  starting  materials  to  the 
uv  cell  to  avoid  coating  of  the  surface  of  the  condensed 
reactants  by  solid  NF4BF4.  The  highest  yield  of  NF4BF4 
achieved  to  date  in  our  laboratory  with  a 900-W  mercury  arc 
was  in  excess  of  3 g/h  and  was  achieved  with  a semiautornated 
steel^sapphire  cell  with  a vertica’  cold  surface  and  a periodic 
feed  and  product  removal  system.18 

Both  types  of  reactors,  stainless  steel-sapphire  and  quartz, 
yield  NF4BF4  of  very  high  purity  showing  no  detectable 
impurities,  although  the  quartz  reactor  is  slowly  attacked 
(weight  loss  of  ~ 1 mg/h  of  operation)  by  the  F atoms  with 
SiF4  and  02+  formation.  However,  the  possibility  of  photolytic. 
02BF4  formation19  does  not  present  a problem  since  G2BF4 
is  thermally  unstable  and  is  removed  from  NF4BF4  by 
pumping  at  25  °C  during  product  workup. 

Using  estimates  for  the  amount  of  uv  radiation  entering  the 
cell  (80%  for  the  experiments  using  a parabolic  backing  mitroi 
for  the  uv  source)  and  being  absorbed  by  F2  (12%),  the 
quantum  yield  for  the  formation  of  NF4BF4  at  a rate  of  3 g/h 
was  calculated  to  be  about  0.015.  Since  this  value  is  much 
smaller  than  unity,  it  does  not  provide  any  experimental  proof 
for  a previously  suggested14  gas-phase  chain  reaction.  Since 
the  BF3  starting  material  is  frozen  out  as  a solid  during  the 
reaction,  a diffusion-controlled  mechanism  in  the  solid 
(BF3)— liquid  (F2,  NF3)  phase  appears  more  plausible  and  can 
account  for  the  low  observed  quantum  yield. 

In  agreement  with  our  previous  report.14  we  found  that  the 
rate  of  NF4BF4  formation  in  the  gas  phase  at  room  tem- 
perature is  extremely  slow.  Contrary  to  our  original  state- 
ment,14 we  believe  that  this  is  not  caused  by  window  coating 
but  is  due  to  the  low  thermal  stability13  of  some  of  the  in- 
termediate products.14  The  fact  that  NF4SbFV*SbF.,  can  be 
readily  produced  by  uv  photolysis  at  room  temperature13 
indicates  that  the  stability  of  these  intermediates  is  influenced 
by  the  strength  of  the  Lewis  acid  used. 

The  reaction  conditions  found  most  suitable  for  the  synthesis 
of  NF4BF4  were  also  tested  for  the  syntheses  of  the  known 
NF4ASF63'5'8'9  and  the  novel  PF6  , GeF5~,  SiFs~,  GeF62_,  and 
SiF62'  salts.  The  results  from  these  experiments  are  sum- 
marized in  Table  I and  the  product  formation  rates  are 
compared  to  those  obtained  for  NF4BF4  under  similar  reaction 
conditions.  The  NF4ASF6  salt  can  be  prepared  by  our  method 
at  a rate  comparable  to  that  of  NF4BF4  and  yields  a very  pure 
product.  This  makes  low-temperature  uv  photolysis  also  the 
most  attractive  method  presently  known  for  the  preparation 
of  high-pun-  NF4AsF6.  The  novel  salts  NF4PF6  and 
NF4GeFj  were  also  successfully  synthesized  by  our  method 
although  their  rate  of  formation  was  lower  than  those  of  the 
BF4~  and  AsF(,"  salts.  Attempts  to  synthesize  the  corre- 
sponding SiFs‘  salt  were  unsuccessful  and  did  not  produce  any 
solid  stable  at  -78  °C  or  above. 

Syntheses  of  Other  Salts  by  Uv  Photolysis.  Based  on  our 
success  with  NF4+  salts,  it  was  interesting  to  test  the  appli- 
cability of  low-temperature  uv  photolysis  to  other  reactant 
systems.  The  results  are  summarized  in  Table  I. 

In  the  case  of  CF3NF2  no  evidence  for  the  formation  of  the 
unknown  CF3NF3+  cation  was  obtained.  Instead,  all  of  the 
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CF3NF2  starting  material  underwent  C-N  bond  breakage 
resulting  in  the  formation  of  a mixture  of  NF4+,  N^*,20-22 
ind  N2F+  20,23~26  salts.  The  use  of  a Vycor  (Hanovia 
7910)-nickel  oxide  (Hanovia  9863)  filter  (transmitting  only 
between  2300  and  420C  A)  to  avoid  C-N  bond  breakage  did 
not  significantly  change  the  composition  of  the  solid  reaction 
products.  Attempts  to  convert  N2  to  either  N2F+,  N2Fj+,  or 
NF4+  salts  were  unsuccessful. 

Photolysis  of  an  OF2-F2-AsF5  mixture  gave  no  evidence 
for  the  novel  OF3+AsFs  but  produced  the  known  02+AsF6-.27 
This  is  not  surprising  since  02AsF6  has  previously  been 
prepared  by  room-temperature  uv  photolysis28  or  thermal 
activation2®  of  AsFs  with  either  OF2  or  02  + F2. 

The  uv  photolysis  of  an  equimolar  mixture  of  Kr,  F2,  and 
AsF5  in  the  steel-sapphire  reactor  at  -196  °C  produced  49 
mg/h  of  an  unstable  KrF2-AsF5  adduct30,31  v/hich  decom- 
posed before  it  could  be  transferred  out  of  the  reactor  for 
further  identification.  For  NF4+  salts  the  yields  in  this  steel 
reactor  generally  were  about  one-third  of  those  listed  in  Table 
I for  the  quartz  reactor.  These  results  arc  in  good  agreement 
with  a recent  report32  that  KrF2  can  be  prepared  by  uv 
photolysis  of  a liquid  mixture  of  Kr  and  F2  at  -196  °C. 

Syntheses  of  NF4PF6»  NF4GeF5,  and  (NF4)2G*F6  by  Dis- 
placement Reactions.  In  view  of  the  relatively  slow  formation 
rates  of  NF4PF6  and  NF4GeF5  during  uv  photolysis,  alternate 
routes  to  these  salts  were  sought.  Since  NF4BF4  is  more 
readily  available,  displacement  reactions  between  NF4BF4  and 
PF;  or  GcF4  were  studied.  It  was  found  that  essentially  pure 
NF4PF6  or  NF4GeF5  can  be  obtained  by  treating  NF4BF4 
with  a large  excess  of  liquid  PF5  or  GeF4,  respectively,  at  room 
temperature.  The  observed  material  balances  confirm  the 
reactions 

NF4BF4  + PF,  - NF<  PF.  + BF, 

NF4BF4  + Gel',  -*  NF4GcFs  + BF, 

These  displacement  reactions  represent  at  the  present  time  the 
most  convenient  syntheses  for  larger  amounts  of  NF4PF6  and 
NF4GeFj.  For  NF4GeFj,  repeated  treatment  of  the  NF4BF4 
starting  material  with  GeF4  was  required  to  obtain  a quan- 
titative conversion. 

The  usefulness  of  anhydrous  HF  as  a common  solvent  in 
these  displacement  reactions  was  studied.  The  conversions  of 
NF4PF4  were  found  to  be  lower  in  HF  solution,  compared  to 
those  in  the  absence  of  HF,  and  even  multiple  treatments  with 
the  HF-Lcwis  acid  mixtures  did  not  result  in  quantitative 
conversions.  This  indicates  that  HF  may  act  not  only  as  a 
solvent  in  these  reactions  but  may  participate  as  a third 
component  in  the  chemical  equilibria  involved.  Treatment  of 
NF4AsF6  with  GeF4  in  HF  solution  did  not  result  in  any 
detectable  displacement  of  AsF6~.  This  shows  that,  as  ex- 
pected, AsF;  is  a significantly  stronger  Lewis  acid  than  GeF4 
but  that  BF3,  PF5,  and  GeF4  are  of  comparable  acid  strength. 

Another  interesting  observation  was  made  for  the  dis- 
placement reaction  between  NF4BF4  and  GeF4  in  HF.  The 
material  balances  and  the  spectroscopic  and  elemental  analyses 
showed  that,  in  addition  to  NFaGeFs,  some  (NF4)2GeF6  was 
also  formed.  This  observation  suggested  the  possibility  of 
converting  NF4GeFs  to  (NF4)2GeF6  by  treatment  with  HF. 
Examination  of  the  NF4GeFj-HF  system  indeed  revealed  that 
in  HF  solution  NF4GeFj  could  be  quantitatively  converted 
to  (NF4)2GeF$.  The  Raman  spectra  of  these  solutions  (see 
below)  showed  the  presence  of  GeF^2-,  indicating  a reaction 
sequence  such  as 

HF 

2NF4C.eF,  + 4HF  — *’2NF,<  + 2GeF41_  + 2H,F* 

2H,F*  + GelV  «±4HF  + GeF4 
2NF4*  + GeF,"  - (NF„),GeF4 

Removal  of  the  GeF4  product  and  repeated  treatment  with 


Table  11.  Relative  Thermal  Stability  and  Solid-State 

Transition  Temperatures 

Sample 

Temp  of  rapid 
decompn  (mp 
capillary),  “C 

Temp  of 
revet  stole 
endotherm 
(DSC),  *C 

NF„Ger 

249 

129 

NF4PF4° 

245 

125 

nf4  bf46 

330 

234 

NF4  AsF4c 

365 

133 

(NF4),GeF4 

238 

d 

0 First  visual  signs  of  shrinking  of  sample  were  observed  at 
about  11 5 °C.  The  melting  was  relatively  sharp  and  was 
accompanied  by  gas  evol  ‘.on.  b Starts  to  decompose  at  about 
250  °C  (thermogram*)  01  J5  “C  (DSC11)  or  200  °C  (slow  gas 
evolution  in  vacuo").  c Starts  to  decompose  at  about  270  °C 
(DSC*)  or  175  °C  (slow  gas  evolution  in  vacuo”).  Not 
recorded. 

fresh  HF  were  required  to  obtain  a quantitative  conversion 
to  (NF4)2GcF6  in  agreement  with  the  above  postulated 
equilibrium  reaction.  The  above  synthesis  of  (NF^jGcFe  was 
c.  particular  interest  since  it  afforded  the  fust  known  example 
of  a NF4+  salt  containing  a multiply  charged  anion. 

The  postulate  that  GeFs~  is  in  equilibrium  with  GeF62”  and 
GeF4  was  experimentally  confirmed.  When  (NF4)2GcF6  was 
treated  with  a large  excess  of  liquid  GeF4  at  25  °C,  it  was 
quantitatively  converted  back  to  NF4GcFs.  Thus  the  for- 
mation of  either  NF4GeF5  or  (NF^^eF^  or  mixtures  of  both 
depends  on  the  exact  reaction  conditions 

in  HF 

2NF„GeFs  (NF4),GeF4  + GeF4 

in  GcF4 

Since  NF4GeFj  and  (NF4)2GeF6  have  very  different  vi- 
brational spectra  and  x-ray  powder  patterns  (see  below),  they 
can  be  readily  distinguished  from  each  other. 

In  view  of  the  above  described  tendency  of  GeF?  to  interact 
with  HF  with  Gc-'V"  formation,  it  seemed  interesting  to 
examine  the  reactions  of  NF4GeFs  with  oth^r  fluoride  ion 
donors.  For  this  purpose,  a relatively  weak  (N2F4)  and  a 
relatively  strong  (FN02)  F donor  were  chosen,  and  the  re- 
actions were  studied  at  -78  °C  using  a large  excess  of  the 
donor  as  the  liquid  phase.  For  N2F4  no  interaction  was 
observed  as  might  be  expected  from  the  fact33  that  N2F4  and 
GcF4  do  not  form  an  adduct.  However  for  FN02  which  is 
capable  of  forming  a stable  GeF62  salt,  again  no  complexing 
was  observed.  This  might  be  explained  either  by  low  solubility 
of  NF4GeF5  in  FNC^  or  by  the  probable  polymeric  nature  (see 
below)  of  the  GeFs-  anion  in  NF4GeFs  which  renders  it  a 
rather  tvMilr  T oriH 

Properties  of  NF4PF6,"nF4GcFs,  and  (NF4)2GeF6.  Ml  three 
compounds  are  white,  crystalline,  hygroscopic  solids  stable  at 
ambient  temperature.  The  thermal  stability  of  the  NF4+  salts 
(see  Table  II)  was  examined  by  ooth  DSC  in  crimped  alu- 
minum pans  and  visual  examination  in  sealed  glass  melting 
point  capillaries.  Whereas  DSC  was  suitable  accurately  to 
observe  solid-state  transitions  (see  Table  II),  both  methods  do 
not  permit  the  accurate  determination  of  the  onset  of  thermal 
decomposition.  This  is  caused  by  the  slow  decomposition  rates 
of  NF4  8 salts  and  their  suppression  by  the  pressure  buildup 
of  the  gaseous  decomposition  products.34  Consequently,  the 
thermal  decomposition  of  the  NF4+  salts  results  in  a slow, 
smooth,  and  gradual  increase  of  the  slope  of  the  DSC  curve. 
For  the  melting  point  capillaries,  slow  gradual  shrinkage  of 
the  solid  can  be  observed  long  before  rapid  decomposition 
occurs.  This  behavior  also  explains  the  large  discrepancies  in 
thermal  decomposition  temperatures  previously  reported6,1 1 
for  NF4BF4  Obviously,  different  techniques  and  experimental 
conditions  can  result  in  vastly  different  values.  As  can  be  seen 
from  Table  II,  NF4PF6,  NF4GeF5,  and  (NF4)2GeF6  arc  all 
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Table  III.  Crystallographic  Data  of  NF4*  Salts0 
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i»  * 


s 


Unit  cell  dimensions 
~a7 A A vTk'  Z 


Calcd 
Vol  den- 
per  sity, 
!•',  A'  g/cmJ 


NI\,BF4  9.944  5.224  517.04  4 16.16  2.27 

NF4PF4  7.577  5.653  324.53  2 16.23  2.41 

NF4AsF46  7.70  5.73  339.73  2 16.99  2.72 

(NF4),GeF4  10.627  11.114  1255.14  16/3  16.81  2.59 

a All  compounds  crystallize  in  the  tetragonal  system.  b Refer- 
ence 5. 


of  good  thermal  stability.  The  NFaSl^Fi  i salt  did  not  show 
a solid-state  transition  but  melted  at  1 78  °C.  The  melt  showed 
a freezing  point  of  161  °C.  The  chemical  properties  of 
NF4PF6,  NF4GeF5»  and  (NF4)2GeF6  are  analogous  to 
those5,6,9"11  previously  reported  for  other  NF4+  salts. 

Hydrolysis  of  NF4+  Salts.  The  hydrolysis  of  N F4+  salts  was 
quantitatively  studied9  by  Tolberg  and  co-workers.  According 
to  their  results  the  hydrolysis  follows  the  equation 

NF4*  + HjO  -*  NFj  + H,F*  + '1,0, 

This  hydrolysis  reaction  should  therefore  offer  a convenient 
way  to  analyze  NF4+  salts  since  NF3  does  not  hydrolyze  in 
water.  A large  number  of  NF4+  salts  have  been  analyzed  on 
a routine  basis  in  our  laboratory.  Whereas  quantitative  NF3 
evolution  was  always  observed,  the  amount  of  oxygen  evolved 
was  consistently  less  than  that  expected  for  the  above  equation. 
Examination  of  the  hydrolysate  showed  that  the  balance  of 
the  oxygen  was  present  as  H2O2,  the  formation  of  which  can 
readily  be  explained  by  the  initial  formation  of  HOF  as  an 
unstable35  intermediate 

NF„*  + OH"  - NF,  + HOF 


The  HOF  intermediate  can  either  decompose  according  to 
2HOF  - 2HF  -4  O, 

or  react  in  a competing  reaction  with  water  according  to 
HOF  + HOH  - HF  + HOOH 

The  ratio  between  H2O2  and  O2  varied  from  experiment  to 
experiment  and  seemed  to  depend  strongly  on  the  exact  re- 
action conditions. 

X-Ray  Powder  Data.  The  x-ray  powder  pattern  of  NF^Fj 
is  jiiven  as  supplementary  material.  The  tetragonal  unit  cell 
(see  Table  III)  is  very  similar  and,  as  expected,  slightly  smaller 
♦*is:  that  previously  reported5  for  NF^F^  No  nonindexable 
liner  were  observed  for  NF4PF6  indicating  little  or  no  crys- 
talline impurities.  Based  on  die  lack  of  characteristic  absences 
of  certain  diffraction  lines,  the  most  probable  space  group  for 
NF4PF6  is  P4/m. 

The  powder  pattern  of  NF4GeFj  (see  supplementary 
material)  was  too  complex  to  allow  indexing,  but  the  pattern 
of  (NF4)2GeF6  (see  supplementary  material)  could  be  indexed 
for  a tetragonal  unit  cell  (see  Table  III).  The  unusual  value 
of  Z ■ 16/3  for  (NF4)2GeF$  requires  some  comment.  As- 
suming Z * 5 would  result  in  an  unacceptably  high  (17.93 
A3)  and  Z * 6 would  result  in  an  unacceptably  low  (14.94 
A3)  average  volume  per  fluorine  atom.  By  comparison  with 
the  known  crystal  structures  of  other  NF4+  salts  (see  Table 
HI),  for  (NF4)2GeF6  this  value  should  be  larger  than  that 
(16.16  A3)  of  NF4BF4  but  smaller  than  that  (16.99  A3)  of 
NF^Fs.  A plausible  value  of  16.81  A3  can,  however,  be 
obtained  by  assuming  a structure  derived  from  that3"  of 
a-I^UFj  but  with  a tetragonally  distorted  fourfold  unit  cell. 
For  a-K2UF6  a value  of  4/3  was  found  for  Z and  explained 
by  assuming  a statistical  distribution  of  the  anions  and  cations 
among  the  calcium  positions  of  a CaFrlike  structure. 


For  NFsBF*  two  different  powder  patterns  have  previously 
been  reported.  Sinel’nikov  and  Rosolovskii  repotted  a cubic 
(a  * 7.33  A)  structure,6  whereas  Goetschel  et  al.  found11  a 
tetragonal  unit  cell  similar  to  those  of  the  MF*-  salts.  Since 
both  of  these  and  cur  NF4BF4  sample  had  been  prepared  under 
similar  conditions  at  -196  °C,  their  crystal  structures  might 
be  expected  to  be  identic!.  Consequently,  we  have  also 
recorded  the  powder  pattern  of  NF4BF4  (see  supplementary 
material).  Our  results  closely  agreed  with  those1 1 of  Goetschel 
ct  al.  Furthermore,  only  the  tetragonal  unit  cell  results  in 
plausible  trends  (see  Table  III)  for  the  density  and  the  average 
volume  per  F atom  (ignoring  contributions  from  the  central 
atoms).3'  Many  of  the  diffraction  lines  reported  by  Sinel’nikov 
are  similar  to  those  reported38  for  NC>2BF4,  a likely  impurity 
in  samples  prepared  by  glow-discharge  techniques  in  glass 
apparatus.39 


The  powder  pattern  of  NF4BF4  was  indexed1 1 by  Goetschel 
et  al.  on  the  basis  of  a tetragonal  unit  cell  with  Z * 2. 
However,  eight  reflections  could  not  be  indexed  and  were 
tentatively  attributed  to  an  impurity.  We  have  also  observed 
these  reflections  with  similar  intensities  and  found  that  they 
belong  to  NF4BF4.  They  can  be  readily  indexed  if  the  volume 
of  the  unit  cell,  proposed  by  Goetschel,  is  doubled  (Z  * 4). 
The  questionable  diffraction  line  at  d m 3.126  A,  reported  by 
Goetschel,1 1 was  not  observed  during  our  study  and  therefore 
is  attributed  to  an  impurity  in  Goetschel’s  sample.  The  in- 
dexing of  the  NF4BF4  powder  pattern  for  Z * 4 is  given  in 
the  supplementary  material.  The  space  group  PA/nmm 
suggested  by11  Goetschel  et  al.  is  unlikely  since  the  extinction 
rule  hkO  * 0 unless  h + k * In  is  not  obeyed.  Space  group 
PA/m  appears  more  likely  based  on  the  apparent  lack  of  any 
characteristic  absences. 

NMR  Spectra.  The  19F  NMR  spectra  of  NF4PF$  and 
(NF4)2GeF6  in  HF  solution  showed  for  NF4+  a triplet  of  equal 
intensity  with  Juf  m 230  Hz  at  -217.0  and  -213.5  ppm, 
respectively,  from  external  CFCI3,  and  a common  line  for  the 
rapidly  exchanging  solvent  and  the  anions.  These  values  are 
ir.  excellent  agreement  with  those  previously  reported  for 
NF4SbF69  and  NF^F,,40  in  HF. 

Since  NF4GeFs  is  converted  to  (NF4)2GeF6  by  HF  and 
since  HF  rapidly  exchanges  with  the  anion,  the  NMR 
spectrum  of  NF4GeF$  was  recorded  in  the  inert  solvent  BrFj. 
The  spectrum  showed  in  addition  to  the  solvent  lines  (quintet 
at  <t>  -272  and  doublet  at  <j>  -134)  and  the  characteristic9,40 
NF4+  triplet  (<p  -220.1,  /nf  * 230  Hz)  a broad  unresolved 
resonance  at  ^ 151.  Its  chemical  shift  significantly  deviates 
from  that  (4>  123)  found41  for  GeF^2"  in  H2O  and  occurs  in 
the  region  predicted  for  GeFj".  Attempts  to  obtain  a 
well-resolved  anion  spectrum  failed  owing  to  the  sharp  decrease 
in  the  solubility  of  the  salt  in  BrFj  with  decreasing  temperature 
and  to  the  relatively  high  melting  point  (-61  °C)  of  BrFj.  The 
failure  to  observe  a sharp  resonance  for  the  anion  might  be 
explained  either  by  a discrete  trigonal-bipyramidal  GeFj~ 
undergoing  rapid  intramolecular  exchange  orjby  a polymeric 
anion  (see  below)  undergoing  rapid  intermolecular  exchange. 
Since  the  BrFj  signal  was  well  resolved,  interaction  between 
BrF$  and  GeF$~  can  be  ruled  out.  The  Raman  spectrum  of 
this  NF4GeFs-BrF$  solution  was  also  recorded.  It  showed  the 
lines  due  to  NF4+  (see  below),  but  unfortunately  the  solubility 
of  NF4GeFj  in  BrFj  is  relatively  low  and  the  region  of  the 
anion  bands  was  masked  by  strong  BrFj  bands. 

VihrathMal  Spectra.  The  vibrational  spectra  of  NF4GeFj, 
(NF4)2GeF6,  NF^Fs,  and  NF^b^Fu  are  shown  in  Figures 
1-3,  respectively.  In  view  of  the  high  purity  of  our  samples 
and  of  the  resultant  good  quality  of  their  spectra,  the  spectra 
of  NF^Fs10,40  and  NF^F^1 1 are  also  given  far  comparison. 
The  observed  frequencies  and  their  assignments  are  sum- 
marized in  Tables  IV-VI.  Whereas  the  assignment  of  the 
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Table  VI.  Vibtutional  Frequencies  and  Assignments  for  the  Anions  in  NF„GeF,  and  NF4Sb,F„ 


Obsd  freq. 

cm'1,  and  rclintens 

Obsd  freq,  cm" 

1 , and  rel  intens 

NF4GeF, 
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ir 

Raman 
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Ir 

Raman 

Assignments  for  Sb,  F, , " 
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Figure  1.  Vibrational  spectra  of  solid  NF.Gcl',:  Trace  A, 
infrared  spectrum  of  the  dry  powder  in  a silver  bromide  disk,  the 
absorption  below  300  cm'1  (broken  line)  being  due  to  the  AgBr 
windows;  trace  H,  Raman  spectrum.  S indicating  spectral  slit 
width. 

four  fundamentals  expected  for  tetrahedral  NF4+  is  well 
established,10,1 1,37  the  assignment  of  some  combination  bands 
has  previously  been  questioned.11  Furthermore,  it  seemed 
interesting  to  study  the  influence  of  solid-state  effects  on  the 
vibrational  spectra  of  these  highly  symmetric  octahedral  and 
tetrahedral  ions. 

Inspection  of  Figures  1-3  and  of  Table  IV  establishes 
beyond  doubt  the  presence  of  approximately  tetrahedral  NF4+ 
ions  in  these  salts.  However,  for  several  salts  solid-state  effects 
are  observed.  For  the  GeFj'  salt,  for  example,  the  degeneracy 
of  the  C and  the  two  F2  modes  is  completely  lifted  and  a 
splitting  into  two  and  three  components,  respectively,  was 
observed.  This  is  not  surprising  since  the  site  symmetry  of 
NF4+  in  these  salts  is  bound  to  be  lower  than  T4.  However, 
since  the  space  groups  of  the  NF4+  salts  are  not  firmly  es- 
tablished (see  above),  the  assignments  for  NF4‘  in  Table  IV 
were  made  assuming  symmetry  Tj. 

Out  of  the  ten  possible  binary  combination  bands  of  NF4+ 
of  Tj  symmetry  seven  should  be  infrared  active.  Of  these,  six 
have  been  observed  in  the  infrared  spectra  thus  lending  further 
support  to  the  assignment  of  the  fundamentals.  In  addition, 
one  of  the  infrared-inactive  combination  bands  was  observable 
at  about  880  cm  1 in  the  Raman  spectra,  probably  due  to 
intensity  enhancement  by  Fermi  resonance  with  *>i(A|). 

The  frequency  of  of  NF4+  varies  by  several  cm'1  for 
the  different  N F4+  salts,  and,  owing  to  its  narrow  line  width, 


Figure  2.  Vibrational  spectra  of  (NF4),GeF4  compared  to  those 
of  NF4BF4:  trace  A,  infrared  spectrum  of  solid  (NF4)sGeF4  as 
dry  powder  in  a silver  chloride  disk;  trace  B,  Raman  spectrum  of 
solid  (NF4),GeF4;  traces  C and  D,  Raman  spectra  of  (NF4),GeFt 
in  HF  solution  at  two  different  recorder  voltages  with  incident 
polarization  parallel  and  perpendicular,  respectively  (p  and  dp 
stund  for  polarized  and  depolarized  bands,  respectively);  traces  I') 
and  F.  infrared  spectrum  of  solid  NI  4BF„  at  two  different 
concentrations;  trace  (!,  Human  spectrum  of  solid  NF4Bl;4. 

this  band  is  well  suited  to  monitor  quantitatively  by  Raman 
spectroacopy  the  progress  of  anion  displacement  reactions. 
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Figure  3.  Vibrational  spectra  of  NF4PF,,  NI-'4  Asl;t,  and 
NF4Sb,F, , : traces  A and  B,  infrared  and  Kaman  spectra, 
respectively,  of  solid  NF4PF4;  traces  C and  D,  infrared  and  Raman 
spectra,  respectively  of  solid  NF4  AsF4 ; traces  F and  F,  infrared 
and  Raman  (at  two  different  recorder  voltages)  spectra,  respec- 
tively, of  solid  NF4Sb,F,,. 

The  vibrational  spectra  of  the  anions  also  show  solid-state 
effects.  The  spectrum  of  BF4~  is  analogous  to  that  of  NF4+ 
and  consequently  was  assigned  for  point  group  T<t  (see  Table 
IV).  The  spectra  of  PFj"  and  AsF6~  deviate  somewhat  from 
the  Ok  selection  rules  by  showing  splittings  for  the  triply 
degenerate  vy(Flu)  mode  and  by  not  strictly  following  the  rule 
of  mutual  exclusion.  However,  the  deviations  from  0*  for  these 
anions  are  relatively  minor  and,  in  the  absence  of  exact 
knowledge  of  the  space  group,  assignments  (see  Table  V)  were 
made  for  0a-  The  observed  frequencies  agree  well  with  those 
previously  reported  for  other  AsF*", 42,43  PF6', 43,44  and  Ge- 
Ffc2  43,4^46  salts.  The  spectrum  of  SbjFii ' in  NFaS^Fh  (see 
Table  VI)  is  in  good  agreement  with  that  previously  reported47 
for  the  anion  in  C^SbjFi  i , particularly  if  the  pronounced 
changes  observed  for  the  SbjFi  f anion  in  different  salts  are 
kept  in  mind. 
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Assignments  for  GeFj~  in  NF4GeF$  are  more  difficult  since 
this  anion  has  not  been  well  characterized.  The  existence  of 
GeF;~  salts  was  postulated48  by  Clark  and  Dixon  and  sub- 
sequently was  established49  by  Wharf  and  Onyszchuk,  who 
prepared  several  quaternary  alkylammooium  and  arylarsonium 
salts.  They  attributed  infrared  bands  at  690, 652,  343,  and 
3 1 7 cm-1  to  GeF$~.  No  further  data  on  GeFj  could  be  found 
in  the  literature.  Recently,  02+GeFs~  was  synthesized  and 
its  vibrational  spectrum  was  recorded  which  suggested10  a 
polymeric  cis-fluorine-bridged  structure  for  GeFj-. 

Although  the  general  appearance  of  the  GeF$~  Raman 
bands  in  NF4GeFj  (see  Table  VI)  is  similar  to  those  of  GeFj- 
in  OjGeFj,  there  are  pronounced  differences.  By  analogy  with 
C^GeF;,  the  large  number  of  observed  anion  bands  and  the 
occurrence  of  bands  in  the  frequency  region  (450-550  cm-1) 
expected  for  fluorine  bridge  stretching  modes  rule  out  the 
presence  of  discrete  GeFj-  anions  in  NF4GeFj.  The  fre- 
quencies of  the  NF4+  modes  in  NF4GeF$  are  essentially 
identical  with  those  in  NF4MF4  salts.  Consequently,  fluorine 
bridging  of  GeFj-  in  NF4GeFj  must  occur  between  the  anions. 
Since  the  addition  of  an  extra  fluoride  ligand  to  GeFj-  results 
in  a pseudooctahedral  structure,  two  kinds  of  bridging,  cis  and 
trans,  are  possible51  which  should  be  distinguishable  from  their 
vibrational  spectra. 

For  a trans-fluorine-bridged  structure,  the  anion  would 
possess  a symmetry  center  and  the  four  nonbridging  fluorines 
and  the  central  atom  would  form  a square  plane.  This  would 
result  in  a highly  symmetric  structure  exhibiting  a small 
number  of  infrared  and  Raman  bands,  which  ideally  would 
be  mutually  exclusive.  A typical  example  for  aucb  a 
trans-fluorine-bridged  polymeric  XFj  species  is  a-BiFj.52 

On  the  other  hand,  a cis-fluorine-bridged  structure  would 
be  of  lower  symmetry  and  result  in  a more  complex  spectrum. 
The  spectra  due  to  the  GeFj"  part  of  NF4GeFj  show  a fre- 
quency and  intensity  pattern  similar  to  those  observed  for 
NEiSnF;53  and  solid  TaFj.54  Since  the  structure  of  solid  TaF$ 
is  known55  to  consist  of  cyclic  cis-fluorire-bridged  tetramers, 
such  a cyclic  tetramer  is  also  plausible  for  GeFj-.  A more 
detailed  discussion  of  the  GeFj-  spectrum  will  be  given 
elsewhere.53  The  formation  of  polymeric  anions  in  NF4GeFj 
is  not  surprising  in  view  of  the  established51  polymeric  nature 
of  CrFj2-,  AlFj2,  FeFj2-,  and  MnFj2-  salts.  All  of  these  salts 
form  polymeric  chains  of  MF4  units  with  the  nature  (cis  or 
trans  bridges,  linear,  helical,  or  ramified)  of  the  chains  varying 
from  salt  to  salt. 

Summary 

Uv  photolysis  is  a useful  and  convenient  technique  for  the 
synthesis  of  high  oxidation  state  complex  fluorides  which  are 
difficult  to  prepare  by  other  methods.  Low-temperature 
conditions  may  be  required  if  either  the  final  or  one  of  the 
intermediate  products  formed  by  the  interaction  of  the  F atoms 
with  the  starting  materials  are  thermally  unstable.  Typical 
examples  are  stable  C^AsFs  which  can  be  prepared  at  room 
temperature,28  unstable  02+BF4-13  and  02+GeFj-  50  which 
can  be  prepared  at  -78  ®C,  or  stable  NF4*  salts  which,  de- 
pending on  the  anion,  were  prepared  at  either  25  or  -196  aC. 
For  the  NF4+  salts  the  exact  formation  mechanism  still  re- 
mains to  be  established.  If  the  formation  of  NF4AsF6  either 
by  low-temperature  uv  photolysis  or  by  thermal  activation  at 
high  pressure8  involves  the  same  reaction  mechanism,  reaction 
kinetics  might  be  more  important  than  the  thermal  stability 
of  the  intermediates. 

Three  novel  NF4+  salts,  i.e.  NF4PF6,  NF4GeFj,  and 
(NF4)2GeF«,  have  been  prepared  by  uv  photolysis  and  dis- 
placement reactions  and  have  been  characterized.  The 
(NF4hGeF6  salt  is  the  first  example  of  an  NF4+  salt  con- 
taining a multiply  charged  anion.  Interesting  equilibrium 
reactions  were  found  which  allow  the  intercoaversion  of  GeFs~ 
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and  GeF62-  salts.  Vibrational  spectra  indicate  that  the  GeF$~ 
anion  in  NFaGeFs  has  a cis-fluorine-bridged  polymeric 
structure. 
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Abstract — The  Raman  spectra  of  gaseous,  liquid  and  solid  SF4  have  been  re-examined.  Polar- 
isation measurements  allow  the  unambiguous  identification  of  the  A,  modes.  The  i.r.  spectrum 
of  8F4  isolated  in  N,  matrix  has  been  recorded  and  **S-,4S  isotopic  shifts  have  been  measured  for 
several  fundamentals.  The  matrix  isolation  study  indicates  that  the  353  om’1  absorption  oonsists 
of  two  fundamentals,  thus  providing  the  hitherto  missing  ninth  fundamental  of  SF4.  Complete 
assignments  are  given  for  SF4  and  are  supported  by  force  field  and  mean  amplitudes  of  vibration 
computations.  The  results  from  the  vibrational  analysis  support  an  intramolecular  Berry-typo 
exchange  mechanism  for  SF4.  Raman  polarization  data  have  also  been  obtained  for  ClF4+SbF4~ 
in  HF  solution  and  revised  assignments  and  force  field  values  are  givon  for  C1F4+. 


INTRODUCTION 

The  assignment  of  the  fundamentals  of  pseudo- 
trigonal bipyramidal  tetrafluorides  is  extremely 
difficult.  Thus,  the  vibrational  spectrum  of  SF4, 
the  simplest  representative  of  this  type  of  molecule, 
is  still  poorly  understood  in  spite  of  much  recent 
study.  During  our  study  [1]  of  the  structurally 
similar  SF40  molecule,  we  realized  that  the 
remaining  questions  concerning  the  vibrational 
speotrum  of  SF4  had  to  be  settled  to  give  a firm 
basis  for  the  assignments  of  the  other  pseudo- 
trigonal bipyramidal  molecules. 

The  first  report  on  the  vibrational  speotrum 
of  SF4  lias  been  published  in  1956  by  Dodd 
et  al.  [2].  They  reported  the  Raman  speotrum 
of  the  liquid  and  an  incomplete  i.r.  spectrum 
of  (he  gas.  In  1965,  Rkdington  and  Berney 
[3]  published  the  i.r.  spectrum  of  solid  SF4  in 
an  argon  matrix  in  the  range  1400-400  cm-1. 
Levin  and  Burney  [4]  have  carefully  studied 
the  complete  i.r.  spectrum  of  gaseous  SF4  and 
have  carried  out  a normal  coordinate  analysis. 
The  Raman  spectrum  of  gaseous  SF4  and  force 
constants  have  been  reported  by  Christs  and 
Sawodny  [6],  The  assignments  for  SF4  were 
revised  by  Frey  et  al.  [6]  based  on  a comparison 
with  the  known  assignments  of  related  molecules, 
ami  by  Levin  [7]  based  on  the  Raman  spectrum 


of  solid  SF4  and  a CDNO/2  calculation  of  the 
i.r.  intensities.  The  i.r.  and  Raman  spootra  of 
solid  SF4  have  also  been  reported  by  Bernby 
[8]  and  were  interpreted  in  terms  of  different 
crystalline  modifications.  The  far  i.r.  spectrum 
of  gaseous  SF4  has  boon  studied  by  Levin  and 
Harris  [9]  in  order  to  obtain  evidence  for  intra- 
molecular exohango.  Finally,  Christe  et  al.  [10] 
have  recontly  compared  the  various  proposed 
assignments  and  force  fields.  Review  of  this 
extensive  work  showed  that  the  reported  data 
still  did  not  permit  an  unambiguous  assignment 
and  that  all  proposed  assignments  led  to  incon- 
sistencies. Therefore,  we  have  reexamined  the 
vibrational  spectrum  of  SF4  to  obtain  additional 
experimental  data. 

Recently,  we  have  also  reported  [11]  the 
vibrational  spectrum  and  force  field  of  the  C1F4+ 
cation  whioh  is  isoeleotronio  with  SF4.  Since 
the  C1F4+  assignments  were  based  on  those  of 
SF4,  we  have  also  revised  those  of  CIF4+  in  the 
light  of  our  new  results  for  SF4. 

EXPERIMENT AL 

Sulfur  tetrafiuoride  (from  The  Mathcson  Company) 
was  purified  by  cumplexing  it  with  CsF  [12].  Only 
SFt  forms  an  adduot  with  CsF  and  the  unreactive 
sulfur  oxyfiuorides  were  pumped  off.  Pure  SF4  was 
recovered  by  vacuum  pyrolysis  of  the  Cs+SF4“  residue. 
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The  preparation  of  ClF4+SbF*“  and  it*  HLF  solution 
have  been  described  previously  [11]. 

The  Raman  spectra  were  recorded  on  a Cary  Model 
83  spectrophotometer  using  the  4380  A exciting  line, 
A Claaeeen  filter  was  used  to  eliminate  plasma  lines 
[IS],  Polarisation  measurements  were  carried  out  by 
method  VTU  as  described  by  Cuuui)  *t  at.  [IS]. 
For  the  low-temperature  spectra  an  apparatus  was 
used  similar  to  that  described  by  Minnwt  and  Holviy 
[14],  A stainless  steel  cell  with  Teflon  0-rings  and 
sapphire  windows  [15]  was  used  to  obtain  the  spectrum 
of  the  gas.  The  sample  containers  for  liquid  and 
solid  SF4  were  3 mm  o.d,  quarts  tubes  and  those 
for  HF  solutions  of  ClB^+SbF,-  wore  Teflon-FEP 
capillaries.  The  apparatus,  apeotromoter,  and  tech- 
nique used  for  the  i-r.  matrix  isolation  study  have 
been  described  previously  [16,  17]. 

RESULTS  ADD  DISCUSSXOE 

Sulfur  tetrafluoride.  Vibrational  spectra  and  their 
assignment 

The  Raman  spectra  of  gaseous,  liquid  and 
solid  SF4  and  the  i.r.  spectra  of  N,  matrix  isolated 
and  solid  SF4  are  shown  in  Figs.  1 and  2,  re- 
spectively. In  this  paper,  we  will  limit  the  dis- 
cussion of  our  data  to  those  features  which  cither 
Significantly  differ  from  previous  reports  or  are 
important  for  the  assignment  of  the  bands. 

Of  the  nine  fundamentals  expected  for  SF4 
in  point  group  C*,  [4,  6],  the  assignment  of  the 
following  modes  is  well  established  [7, 10]:  Av 
- 892,  r,  - «68j  Bv  v4  - 730,  »,  - 532; 
Bt,  r4  *■  867  «m-1.  Identification  of  the  At 
deformation  modes  »,  and  *,  should  be  possible 
by  Raman  polarization  measurements.  Unfortun- 
ately, the  previous  data  [2,  5]  were  ambiguous. 
The  present  study  shows  (see  Fig.  I)  that  the 
bands  at  363  and  228  cm"*1  are  definitely  polar- 
ized and,  therefore,  represent  v,  and  respec- 
tively. This  assignment  is  in  agreement  with  that 
proposed  by  Lxvnr  [7j.  The  question  concerning 
the  motions  corresponding  to  and  r4  is  discussed 
below. 

After  identification  of  the  363  and  228  cm-1 
bands  aa  rt  and  *4,  respectively,  assignments 
are  still  needed  for  v((At)  and  For  the 

gas  there  is  one  moderately  intense  Raman 
band  at  474  cm-1  still  uuassigned.  This  frequency 
is  too  high  for  rt  sinoe  a value  of  463  cm"1  already 
results  in  an  unreasonably  high  value  of  3.16 
mdyn  A radian-8  for  FM  (see  Seta  V and  VI  in 
Tablet  1 and  2).  Consequently,  the  474  cm-1  band 
must  represent  the  torsional  mods  »t(At)  which 
is  expected  to  occur  in  the  frequency  range 
400-650  cm-4.  An  extremely  weak  feature  having 
maxima  at  465,  453,  447,  441,  436  and  429  cm-1 
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Fig.  1.  Raman  spectra  of  8F4.  Trees*  A,  apeotrum 
of  the  gS*  at  10  atm  pressure  reoorded  at  two  different 
recorder  voltages.  Traces  3 and  C,  spectrum  of  the 
liquid  with  the  incident  polarisation  perpendicular 
and  parallel,  respectively.  The  insert  was  reoordsd 
mi  a lower  recorder  voltage.  Treoes  D,  apeotrum  of 
the  solid  reoorded  at  two  different  recorder  voltages. 
P indicate*  polarised  bands  and  S the  spectral  slit- 
widths.  The  numbers  1—9  refer  to  the  assignment 
of  the  bands  to  the  nine  fundamentals  of  8F4. 

was  observed  [4]  in  tbs  i-r.  spectrum  of  the  gas. 
Sinoe  the  frequency  differences  between  these 
and  the  474  cm-8  Raman  band  are  too  large 
and  since  should  be  i-r.  inactive,  the  ijr. 

feature  is  attributed  to  combination  bands,  such 
as  2s4[7].  A Raman  band  at  about  410  cm-1, 
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Fig.  2.  Infrarod  Spectra  of  SF4.  Trace  A,  spectrum 
of  the  K,  matrix  isolated  species.  Trace  A'  shows 
the  360  cm'1  band  at  a tenfold  scale  expansion  under 
higher  resolution  conditions.  Traoe  B,  sample  of 
trace  A after  a controlled  diffusion  experiment.  Trace 
C,  noat  solid. 


that  haa  been  reported  previously  [2, 6]  but 
was  questionable  [6],  was  not  observed  during 
this  study  and,  therefore,  must  have  been  due 
to  an  impurity. 

Because  all  observed  bands  have  alroady  been 
assigned  to  other  fundamentals,  it  must  be  assumed 
that  v,  coincides  with  another  fundamental. 
Since  a frequency  value  of  470  cm-1  is  unreason- 
ably high  (see  above)  for  »6,  only  two  alternatives, 
363  and  228  cm-1,  remain.  Since  v#(B,)  should 
be  reasonably  intenso  in  the  i.r.  spectrum  [7], 
we  have  carefully  examinod  the  i.r.  matrix 
isolation  spectrum  for  evidence  of  such  a coin- 
cidence. 

As  can  be  seen  from  trace  A'  of  Fig.  2,  the 
360  cm-1  band  is  split  into  two  components 
which  are  separated  by  about  3.2  cm-1.  This 
splitting  cannot  be  attributed  to  the  S*S-MS 
isotopes  owing  to  the  high  relative  intensity 
of  the  lower  frequency  component  (natural 
abundance  of  S4S  is  4.2%  ).  Furthermore,  it 
cannot  bo  due  to  an  associated  species  or  orystal 
field  effects  since  the  remaining  bands  in  the 
SF4  spectrum  do  not  show  any  such  splittings. 
Consequently,  these  two  components  are  inter- 
preted as  the  two  fundamentals,  ^(.dj)  and 
v#(Bs).  Since  v,  should  be  of  higlior  i.r.  intensity 
than  vs  [7],  the  360  cm-1  component  is  assigned 
to  vs  and  the  367  cm-1  one  to  v,. 

The  two  maxima  of  the  363  cm'1  i.r.  absorption 
of  gaseous  SF4  [4]  might  then  bo  interpreted  as 
the  Q bronchos  of  the  two  fundamentals  v3  and 
v#,  although  their  separation  doos  not  preclude 
their  interpretation  as  a double  Q branch  of  a 
B-type  band  [18].  Howovor,  it  should  be  kept 
in  mind  tliat  the  second  B-type  band  at  807  cm-1 
does  not  exhibit  such  a double  Q branch  and  this 
might  also  be  the  caso  for  the  vt  deformation. 


Tablo  1.  Assignment  of  normal  modos  of  SF4  and  C1F4+ 


Species  Approx  description  of  mode  | Frequenoy,  onr1 1 

| — observed j | used  for  SF4  force  field  computations — | 

SF4  C1F4+  I II  III  IV  V VI 


A,  v, 

vsymAFjCj 

892 

vsymXF,«x 

668 

v. 

AsciaaArFt«7  and  ax,  sym  comb 

366 

V« 

dsciss.YF,ax  and  tq,  asym  comb 

228 

.4,v, 

X¥t  twist 

474 

vaaymA'FjCu: 

730 

XF,e{  wagging 

632 

B,v, 

va»ymXF,e$ 

867 

(5ecisaJ£F|Ox  out  of  plane 

360 

800 

671 

386 

260 

476 

796 

616 

829 

385 

892 

■ 

363  228 

228  353 

353  228 

228  363 

363 

228 

228 

353 

353 

228 

—463- 

427 


1144 


K.  O.  Casisrx,  E.  C.  Curtis,  C.  J.  Scback,  8.  J.  Cyvin,  J.  Bkukvou,  and  W.  Sawodky 
Table  2.  Force  constants*  of  SF*1’-*  and  C1F4+ 


»/r+/w 

“/*  + /** 

- 0.99/4  + 0.01 /y  - 0.16/jy 

- 0.004/4  + 0.71  fy 

+ 0.29  </«  +/«'  + /«' 

+ /«*>  + 0.13/0,4 
+ 1.80/*  -f-0.il/4y 
«*/»  — /•*'  — /««'  +/aa* 

•“/*  ~/a* 

— /«  + /«*'-/•*'  -/*«• 

- V2  (/«,-/*,') 

1 “/r  J ft 

“ /«  ~ ‘ /•«'  + /«#"  “ /•»* 

~ 1/2  {/«-/«') 


II 

5.71 

III 

5.75 

IV 

5.71 

0 ,0 

V 

6.75 

VI 

5.71 

0.85 

1.07 

0.65 

1.07 

0.65 

0.67 

0.40 

0.07 

0.40 

0.67 

1.93 

3.11 

2.0S 

0.89 

5.1S  

0.81  

0.50  

5.45  5.37  5.43 
3.30 


(a)  Stretching  constants  in  mdyn/A,  deformation  constants  in  mdyn  A/radian1,  and  atietoh-bend  interaction 
eonstanta  in  mdyn/radian. 

(b)  Preferred  set  for  8F4  is  I (see  text). 

(0)  The  given  explicit  S matrix  is  for  8F4  and  differs  somewhat  from  that  of  C1F4+  owing  to  the  different 
geometries  of  the  two  species.  For  the  explioit  F matrix  of  CIF4+  see  reference  [11  J. 


The  Raman  spectra  showed  no  evidanoe  for 
a splitting  of  the  353  cm-1  be  ...  This  is  not 
surprising  sinoe  1 >t(Bt)  is  expected  to  be  of  much 
lower  Raman  intensity  than  v,^).  Therefore, 
the  353  onr1  Raman  band  is  assumed  to  be 
mainly  due  to  ^(Aj),  in  aocord  with  the  polar- 
ization measurements. 

Additions!  support  for  the  above  assignment 
of  »,( Bt)  to  the  353  cm-1  absorption  can  be 
derived  from  the  following  considerations : (i) 

The  F„-F„  mean  amplitude  of  vibration  signif- 
icantly varies  with  the  frequency  of  «,  (sec 
Table  3).  Of  the  two  alternative#  given  for 
>,  (353  and  228  cm-1),  only  353  cm-1  results 
in  a value  falling  within  the  reported  [19]  un- 
certainty limits,  (ii)  We  expect  FM  to  have  a 
value  similar  to  those  of  FH  and  Fn  (about  2 
mdyn  A radian-1,  aee  Table  2).  (iii)  For  the 
structurally  closely  related  C1F,  molecule  [0,  20], 
the  in  plane  and  out  of  plane  scissoring  modes 


also  ooincide  and  have  a frequency  value  of 
328  cm-1,  similar  to  that  of  353  cm-1  observed 
for  SFt. 

Force  field  and  mean  amplitudes  oj  vibration 
computation* 

A normal  coordinate  analysis  and  a computation 
of  mean  amplitudes  of  vibration  ware  carried 
out  to  support  the  assignments.  The  results. 
are  summarized  in  Tables  2 to  4.  Although  the 
above  assignments  for  BFt  are  well  supported  „ 
we  have  computed  force  fields  and  mean  ampli- 
tudes of  vibration  for  both  q > q and  q > r,, 
assuming  values  of  228,  353  and  453  onr1  for 
This  was  done  to  demonstrate  that  the  above 
assignments  are  the  only  set  whioh  can  satis- 
factorily account  for  all  the  experimental  data. 
The  vibrations!  frequencies  used  for  these  com- 
putations are  listed  in  Table  1.  Slightly  better 
frequency  values  for  q,  q and  q would  have 


Table  3.  Computed*  (298*K)  and  obeerved  [19]  mean  amplitudes  (in  A)  of  vibration  of  SF* 


<f*>  caioV* <j*>  obs‘/» 

I II  HI  IV  V VI 


0.041 

0.041 

0.041 

0.041  ± 0.005 

0.048 

0.048 

0.048 

0.047  ± 0.005 

0.091 

0.076 

0.091 

0.068  ± 0.01 

0.074 

0.088 

0.085 

0.067  ± 0.005 

0.061 

0.061 

0.081 

0.059  ± 0.01 
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Table  4.  Potential  energy  distribution*  and  eigenvector*  for  the  different  force  field*  of  0F4 


Assign! 

nent  | x,  xxi,  v \w9  f4;~ 

1 

| AA,  AV,  VA  ^ V*/ 

! 

rsuxj  r 

s, 

8,  S, 

84' 

s* 

A'jigoo  vector* — 

S>  8, 

\ 

S* 

Alri 

84  Fjj  -0.277 

—0.015 

0.111 

0.175 

83  JP4 j -0.277 

-0.018 

0.108 

0.183 

». 

100F„  -0.009 

0.229  - 

■0.008 

-0.011 

100  F*  -0.009 

0.229  - 

0.007 

-0.012 

rt 

75  F„  + 20  F44  0.025 

0.005 

0.226 

0.183 

80  F„  + 20  F44  0.001 

0 

0.193 

-0.085 

*4 

77FM  + 22F,,  -0.005 

-0.001 

0.080 

-0.242 

75  F44  + 18  F„  0.029 

0.006 

0.145 

0.280 

ALL  SETS,  PED 

A.r, 

100  F, , 

Bxv% 

133  F„  - 

- 34  F(,  + 21  F„ 

*» 

93F,f 

I,  II  PED 

III,  r/  PED 

V,  VI  PED 

£,r. 

107  F„-  11  F„ 

105  F„ 

108  F„ 

- 18  F„ 

>• 

103  F„ 

105  F„ 

102  F,„ 

(a)  Percent  contribution*.  Contribution*  of  lea*  than  10%  to  the  PED  are  not  listed. 


been  366,  474  and  360  cm"1,  respectively,  but 
the  difference*  are  insignificant. 

The  force  fields  were  computed  [21]  by  trial 
and  error  to  give  an  exact  fit  between  observed 
and  calculated  frequencies.  Sets  I to  VI  are  the 
simplest  force  fields  that  duplicated  the  following 
«S-*S  isotopic  shifts  observed  in  our  matrix 
isolation  study:  A»t  — 10.6,  A*t  ~ 0,  Ar,  — 12.3, 
Av$  ■■  10.2  cm*1, 

Choice  oj  a force  field  and  identity  of  the  A4  bending 
modes 

In  trigonal  t (pyramidal  pentafiuorides  generally 
two  acceptable  force  fields  are  found  [22].  This 
is  caused  by  the  possibility  of  interchanging 
the  assignments  for  the  in  plane  axial  and  equato- 
rial bending  modes.  For  the  structurally  similar 
SF4  molecule,  the  same  problem  exists  since 
the  assignments  of  *,  and  »,  in  the  Ax  block 
can  be  interchanged.  This  results  in  two  different 
foroe  fields  (Set*  I,  HI.  V and  Set#  II,  IV,  VI, 
respectively,  of  Tables  1 and  2).  Consequently, 
a choioe  of  a preferred  foroe  field  requires  a 
discrimination  between  the  two  alternatives. 

Further  interest  was  added  to  this  problem 
by  the  fact  that  these  molecules  oan  undergo 
an  intramolecular  exchange  between  equatorial 
and  axial  ligands  [8,  22-26],  This  exchange 
involves  a paeudorotational  motion  of  the  equato- 
rial and  social  fluorine  ligands  as  originally  proposed 
by  Busy  [23].  Therefore,  it  was  desirable  to 
verify  the  existence  of  such  ®a  exchange  for 
8F4  by  a normal  coordinate  analysis. 

The  symmetry  coordinates  used  in  our  com- 
putations for  the  two  A,  bending  modes  of  8F4 
are  8,  ~ -0.074  A y + 0.807  AjS  and  S4  - 0.842 
Ay  + 0.288  (Aoq  ■+•  A*,  + A oi^j  ■+■  0.063  A^  where 


a,  § and  y are  the  bond  angles  between  equatorial- 
axial,  equatorial-equatorial,  and  axial-axial  fluo- 
rine ligands,  respectively.  The  eigenvectors  ( L 
matrix)  are  listed  in  Table  4.  They  show  that 
for  both  assignments,  i.e.  *>,  > vt  and  >4  > vt, 
the  228  cm'1  mode  is  an  an  ^symmetric  and  the 
356  cm-1  mode  is  a symmetric  combination  of 
the  symmetry  coordinates  S,  and  S4.  The  main 
difference  between  the  two  assignments  is  that 
the  relative  contributions  of  equatorial  and 
axial  bending  to  each  mode  are  reversed.  For 
rt  > *4,  228  cm*"1  is  mainly  axial  bending,  whereas 
for  r4  >»,  it  is  mainly  equatorial  bending. 

The  antisymmetric  combination  of  S,  and  S4 
can  be  expected  to  offer  the  shortest  path  to 
a Berry-type  exchange.  This  was  experimentally 
oonfirmed  by  Levin’s  analysis  of  a hot  band 
progression  of  the  Q branch  of  the  228  cm-1 
i.r.  band  [8]  and  a recent  gas  phase  NMR  study 
[25]  which  yielded  very  similar  values  for  the 
activation  energy  required  for  an  intra -molecular 
exchange  prooess.  Additional  experimental  sup- 
port for  228  and  356  0m-1  being  antisymmetric 
and  symmetric  combinations,  respectively,  of  Sj 
and  S4  comes  from  relative  Lr.  intensity  arguments. 
The  symmetric  combination  should  result  in  a 
significantly  larger  change  of  the  dipole  moment 
and  therefore  is  represented  by  the  more  intense 
356  cm-1  i.r.  band. 

The  svidenoe  presented  above  establishes  the 
228  cm-1  mode  as  an  anti -symmetric  combination 
of  S,  and  S4  and  as  the  mode  involved  in  a Berry- 
type  exchange,  but  it  does  not  distinguish  between 
the  two  alternate  assignments,  i.a.  »,  > »4  and 
*4  > However,  distinction  between  these  two 
ohoioes  is  possible  by  a comparison  between 
oomputed  and  observed  [10]  mean  amplitudes 
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of  vibration.  As  shown  in  Table  3,  only  the 
assignment  vt  > v4  results  in  an  acceptable  value 
for  the  F„  — F^  amplitude  of  vibration  and 
therefore  is  the  preferred  assignment.  The 
eigenvectors  listed  in  Table  4 show  that  rs  (366 
cm-1)  is  about  an  equal  mixture  of  equatorial  and 
axial  bending,  whereas  v4  (228  cm-1)  involves 
mainly  axial  bending.  This  fact  has  previously 
been  explained  [10]  and  therefore  requires  no 
further  comment.  It  should  be  kept  in  mind, 
however,  that  in  spite  of  the  availability  of 
some  **S  — isotopic  data,  the  force  field  used 
for  these  computations  is  still  underdetermined. 
Therefore,  the  relative  contributions  to  »s  and 
r4  from  S,  and  S4  might  chango  somewhat  for 
a general  valence  foroe  field. 

In  summary,  all  nine  fundamentals  of  SF4 
have  been  observed  and  their  t-aignment  is  well 
supported  by  Raman  polarization  and  matrix 
isolation  data,  and  force  field  and  mean  amplitudes 
of  vibration  computations.  The  results  from  the 
normal  ooordinate  analysis  establish  the  existenoe 
of  a Berry-type  exchange  coordinate  for  SF4. 
Our  revised  assignment  (Set  I)  for  fi5F4  differs 
from  all  previous  assignments  [2-10]  for  at  least 
one  fimHftmAntji 

Comparison  oj  SF4  with  trigonal  bipyramidal  XF4 
molecules 

Comparison  of  the  above  results  for  SF4  with 
those  previously  reported  [22,  27-32]  for  the 
structurally  related  pentafluorides  PF4,  VF,  and 
AsFj  indicates  significant  differences.  For  the 
pentafluorides,  the  higher  frequency  bending 
mode  was  attributed  to  mainly  axial  and  the 
lower  one  to  mainly  equatorial  bending.  However, 
description  of  these  motions  in  terms  of  a symmetric 
and  antisymmetric  combination  of  axial  and 
equatorial  bending,  as  discussed  above  for  SF4 
and  previously  suggested  also  for  the  penta- 
fluorides [30],  might  account  for  these  apparent 
discrepancies  between  such  similar  molecules. 
The  considerably  lower  force  constant  values 
found  [27-31]  for  the  Berry-type  motion  in  the 
pentafluorides,  when  oompared  to  that  of  8F4, 
might  be  partially  aooounted  for  by  the  lower 
activation  energies  required  for  intramolecular 
exchange  in  these  molecules  [22,  32,  33]. 

The  C1F4+  eation 

In  view  of  the  above  results  for  SFt,  we  have 
also  reexamined  the  Raman  spectrum  of  iso* 
electronic  C1F4+.  Polarization  data  were  obtained 
for  ClF4+SbFe“  in  HF  solution  (see  Fig.  3). 


Fig.  3.  Raman  spectrum  of  ClF4+SbF4“  in  HF 
eolation  recorded  with  the  incident  polarization 
perpendicular  (traoee  A)  and  parallel  (traces  B). 
The  three  beads  duo  to  octahedral  SbF(~  are  marked 
by  an  asterisk. 

Ignoring  the  bands  due  to  the  anion,  four  polar- 
ized bands  were  observed  the  frequencies  of 
which  are  in  excellent  agreement  with  those  of 
the  four  Ar  modes  of  SF4.  The  assignment  of 
the  vibrational  spectrum  of  C1F4+  (see  Table  1) 
was  made  by  analogy  with  that  of  SF4  the 

Raman  data  from  this  study  and  the  previously 
published  [11]  i.r.  data.  As  can  be  seen  from 
Figs.  1-3  and  Table  1,  the  vibrational  spectra 
of  SF4  and  C1F4+  closely  resemble  each  other. 
This  is  not  surprising  sin’c  it  has  previously 
been  shown  that  the  isoelec  tronio  pairs  SFtO- 
C1F,0+  [34],  SFjOj-  ClFfO  + [36],  SF4-  CIF4+ 
[36],  and  SF4~-C1F4  [12]  exhibit  similar  spectra. 

The  foroe  field  of  C1F4+  was  also  recomputed 
(see  Table  2)  using  the  frequencies  of  Table  1 
and  the  geometry  assumed  earlier  [11],  The 
foroe  field  of  QF4+  is  also  underdetermined, 
and  the  ohoioe  of  the  off-diagonal  symmetry 
foroe  constants  strongly  influences  the  values 
of  the  diagonal  or.es  [11],  Consequently,  we 
have  chosen  for  CLF4+  a foroe  field  similar  to 
that  of  SF4  (sse  above)  which  baa  been  better 
defined  by  the  use  of  **S-**S  isotopic  data.  In 
spite  of  the  relatively  large  uncertainties  common 
[11]  to  such  foroe  fields,  oomparison  of  the  foroe 
constants  of  SF4  with  those  of  C1F4+  shows  tbs 
expected  trends.  In  both  species,  the  value  of 
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tho  equatorial  stretching  force  constant  fr  is 
significantly  larger  than  that  of  the  axial  one 
(see  Table  2).  This  implies  highly  polar  axial 
bonds,  as  expected  for  a model  containing  signif- 
icant contributions  from  semi-ionic  three-center 
four-electron  pp  a bonds  [11].  Furthermore,  in 
CIF4+  the  difference  between  the  axial  and  the 
equatorial  stretching  force  oonstant  is  smaller 
than  in  SF4.  This  is  caused  by  the  positive  charge 
and  the  increased  oxidation  state  and  electro- 
negativity of  the  central  atom  in  CIF4+,  all  of 
which  suppress  the  formation  of  semi-ionic  bonds 
[37]. 
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The  novel  compound  02+GeFs"  was  prepared  by  uv  photolysis  of  a GeF4-F2-02  mixture  in  quartz  at  -78  ®C.  The  compound 
is  a white  crystalline  solid  and  is  unstable  at  25  “C.  It  was  characterized  by  infrared,  Raman,  and  ESR  spectroscopy. 

The  vibrational  spectra  indicate  for  the  anions  a polymeric  cis-ftuorine-bridged  structure  similar  to  that  found  for  NbFs. 

The  possibility  to  convert  02GeFj  into  (02)2GcF6  by  HF  treatment  at  low  temperature  was  briefly  studied.  For  comparison, 
(NO)2GeF6  was  prepared  and  characterized  by  vibrational  spectroscopy.  The  Raman  spectrum  of  solid  GeF4  has  also 
been  recorded  and  longitudinal  components  were  observed  for  each  of  the  two  F2  modes. 


Introduction 

The  synthesis  of  C>2+PtF6~,  the  first  known  example  of  a 
dioxygenyl  salt,  war  reported1  in  1962  by  Bartlett  and 
Lohmann.  Since  then  numerous  other  02+  salts  have  been 
synthesized  and  studied.  However,  all  of  the  reported1’16 
dioxygenyl  salts  belong  to  one  of  the  following  three  types: 
07+MF<f  (M  = P,  As,  Sb,  Bi,  Pt,  Ru,  Rh,  Pd,  or  Au),  02+- 
M2F„-  (M  = Sb,  Bi,  Nb,  or  Ta),  or  02+MF4’  (M  = B).  In 
view  of  the  interesting  physical  and  chemical  properties  of  these 
paramagnetic  and  strongly  oxidizing  salts,  we  have  studied  the 
possible  synthesis  of  02  salts  containing  new  types  of  anions. 
In  this  paper  we  report  the  synthesis  and  characterization  of 
02+GeF5~,  the  first  known  representative  of  the  type  Oi+- 
MF5'.  Further  interest  was  added  to  this  study  by  the  fact 
that  the  GeFj"  anion  has  only  recently  been  discovered.17 
Except  for  quaternary  ammonium  salts,17  no  other  GeF*"  salts 
have  been  reported  and  no  structural  data  on  GeF<f  were 
available. 

Experimental  Section 

Materials  and  Apparatus.  Volatile  materials  were  manipulated  in 
a well-passivated  (with  CIF3)  Monel  vacuum  line  equipped  with  Teflon 
FEP  U-traps  and  beilows-seal  valves.  Pressures  were  measured  with 
a Hcise  Bourdon  tube-type  gauge  (9-1 500  mm  ± 0. 1%)  or  a Validync 
Model  DM56A  pressure  transducer.  Nonvolatile  materials  were 
handled  outside  of  the  vacuum  system  in  the  dry  nitrogen  atmosphere 
of  a glovebox. 

Germanium  tetrafluoridc  (Ozark  Mahoning),  F2  (Rocketdync), 
and  O2  (research  purity,  99.99%  minimum,  Matheson  Gas  Products) 
were  used  without  further  purification.  Nitrosyl  fluoride  was  prepared 
from  NO  and  Fj  at  -196  °C  and  purified  by  fractional  condensation. 

The  infrared  spectra  were  recorded  in  the  range  4000-250  cm'1 
on  a Perldn-Elmer  Model  457  infrared  spectrophotometer.  The  spectra 
of  gases  were  obtained  using  Monel  cells  of  5-cm  path  length  fitted 
with  AgCl  windows.  The  spectra  of  solids  at  room  temperature  were 
obtained  by  pressing  two  small  single-crystal  platelets  of  either  AgCl 
or  AgBr  to  a disk  in  a Wilks  minipellet  press.  The  powdered  sample 
was  placed  between  the  platelets  before  starting  the  pressing  operation. 
The  low-temperature  spectra  were  recorded  at  -196  °C  using  a cell 
and  transfer  technique  similar  to  those  previously  described.18  The 
inner  windows  of  the  cell  were  AgCl  or  Csl;  the  outer  ones,  Csl  disks. 
The  instrument  was  calibrated  by  comparison  with  standard  calibration 
points.1 9 

The  Raman  spectra  were  recorded  on  a Cary  Model  83  spec- 
trophotometer using  the  48SO-A  exciting  line  and  a Claassen  filter20 
for  the  elimination  of  plasma  lines.  Sealed  quartz  or  Teflon  FEP  tubes 
were  used  as  sample  containers  in  the  transverse-viewing, 
transverse-excitation  technique.  The  low-temperature  spectra  were 
recorded  using  a previously  described21  device.  Polarization  mea- 
surements were  carried  out  according  to  method  VIII  listed  by  Claassen 
et  al.20 

ESR  spectra  were  recorded  as  previously  described.15  The  19F 
NMR  spectra  were  recorded  at  56.4  MHz  on  a Varian  Model  DA60 
spectrometer  equipped  with  a variable-temperature  probe.  Chemical 
shifts  were  determined  by  the  side-band  technique  relative  to  external 
CFCIj.  Teflon  FEP  liners  (Wilmad  Glass  Co.)  inserted  into  glass 
NMR  tubes  were  used  as  sample  containers  and  anhyA  ous  HF  was 

* To  whom  correspondence  should  be  addressed  at  Rocketdync. 


used  as  a solvent.  Debye-Scherrcr  powder  patterns  were  taken  using 
a GE  Model  XRD-6  diffractometer.  Samples  were  scaled  in  quartz 
capillaries  (~0.5-mm  o.d.) 

Synthesis  of  02+GeF5~.  A l-l.  quartz  bulb  containing  500  cm3  of 
02,  250  cm3  of  F2,  and  250  cm3  of  GeF4  was  exposed  for  7 days  to 
uv  radiation  from  a high-pressure  mercury  lamp  (Hanovin  616A,  100 
W)  equipped  with  a water  filter.  The  condensing  tip  and  the  bottom 
of  the  reactor  were  kept  at  -78  °C.  The  solid  02+GeF2'  accumulated 
in  tht  cold  section  of  the  reactor  which  also  contained  some  solid  GeF4. 
After  completion  of  the  photolysis,  products  volatile  at  -3 1 °C  were 
removed  in  vacuo.  The  white  solid  residue  (about  500  mg)  was 
transferred,  while  cold,  from  the  quartz  bulb  to  cold  quartz  or  Teflon 
FEP  tubes  in  an  inert-atmosphere  glovebox. 

The  composition  of  the  solid  was  determined  by  allowing  weighed 
samples  contained  in  a Teflon  FEP  ampule  to  decompose  completely 
at  25  °C  and  by  separating  and  measuring  the  gases  noncondcnsable 
(02  and  F2)  and  condensable  (GeF4)  at  -196  °C.  The  identity  of 
the  decomposition  products  was  established  by  mass  anti  infrared 
spectroscopy.  In  a typical  experiment,  82  mg  of  the  solid,  corre- 
sponding to  0.41 1 mmol  of  02+GeFi  produced  upon  decomposition 
0.63  mmol  of  02  + F2  and  0.42  mmol  of  GcF4,  thus  establishing  its 
composition  as  O^cFs.  The  ionic  structure  of  the  solid  was  established 
by  vibrational  spectroscopy. 

Synthesis  of  (NO+)2GeF62T  Germanium  tetrafluoridc  (2.17  mmol) 
and  FNO  (5.40  mmol)  were  combined  at  -196  "C  in  a passivated 
Teflon  FEP  ampule.  The  mixture  was  warmed  first  to  -78  °C,  then 
to  -45  °C,  and  then  to  25  °C  for  30  min.  Umcacted  FNO  (1.05 
mmol)  was  removed  by  pumping  at  25  °C,  leaving  behind  532  mg 
of  a stable  white  solid  (weight  calculated  for  2.17  mmol  of  (NO^eFj 
is  535  mg).  The  ionic  structure  of  (lie  solid  was  established  by 
vibrational  spectroscopy. 

Results  and  Discussion 

Synthesis  and  Properties  of  Oj+GeFs  . Uv  photolysis  of  a 
mixture  of  02,  F2,  and  GeF4  in  quartz  at  -78  °C  produces 
a white  crystalline  solid  according  to 

hv 

20 j 4-  Fa  -f-  2CeF« 20,GcF. 

-78  °C 

The  composition  of  the  solid  was  established  by  quantitative 
thermal  decomposition  at  25  °C  which  produces  the  starting 
materials.  It  was  found  that  the  decomposition  rate  is  sup- 
pressed by  a pressure  buildup  of  the  gaseous  decomposition 
products.  A similar  suppression  of  the  decomposition  rate  of 
a dioxygenyl  salt  by  the  corresponding  gaseous  Lewis  acid  has 
previously  been  observed22  for  02+BF4  . 

The  thermal  stability  of  02+GeF5~  is  similar  to  that22  of 
02  >BF4".  It  was  stored  at  -20  °C  for  over  4 months  in  cither 
quartz  or  Teflon  FEP  containers  without  noticeable  decom- 
position. It  reacts  violently  with  water  producing  a gas  with 
typical  fluorine  odor. 

G2+GeF5~  is  the  first  example  of  a dioxygenyl  salt  of  the 
type  02+MF 5~.  The  relatively  good  thermal  stability  of 
02+GcFj'  is  surprising  in  view  of  the  fact  that  GeFj~  salts 
are  difficult  to  prepare  and  that  the  only  known  examples 
possess  bulky  and  strongly  stabilizing  counterions,  such  as 
quaternary  ammonium  cations.17  A plausible  explanation  for 
the  relative  stability  of  GeF5~  in  the  presence  of  a small  cation. 
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Figure  1.  Vibrational  spectra  of  (NO'ljGei','"  at  25  °C:  trace 
A,  infrared  spectrum  of  the  dry  powder  as  a AgBr  disk;  trace  B, 
Raman  spectrum  of  the  solid;  trace  C,  Raman  spectrum  of  an  HF 
solution.  P indicates  polarized  bands,  and  S the  spectral  slit 
width. 

such  as  02+,  will  be  given  below. 

Since  a trigonal-bipyramidal  GeF;-  anion  would  possess  an 
energetically  unfavorable  structure,  it  might  be  possible  to 
convert  it  to  the  more  favorable  and  stable  octahedral  GeF62~ 
anion.  For  NF4+  salts,  we  have  found  that  such  a conversion 
can  be  achieved  by  treatment  with  anhydrous  HF.  This  type 
of  conversion  was  also  studied  for  02+GeF5~  as  a possible  route 
to  (02+)2GeF*2~  which  would  be  the  first  known  example  of 
a bis(dioxygenyl)  salt  and  should  possess  very  interesting 
magnetic  properties.  Unfortunately,  the  treatment  of  02+- 
GeFs-  with  HF  in  the  temperature  range  -78  to  -31  °C  did 
not  produce  any  product  of  sufficient  stability  and  purity  to 
allow  its  unambiguous  identification. 

Synthesis,  Properties,  and  Spectra  of  (NO^GeF*2'.  The 
knowledge  of  the  vibrational  spectra  of  (NO+)2GeF62_,  which 
should  be  isoctructural  with  (02+)2GeF62~,  was  desirable  to 
predict  the  spectrum  of  GeF62  in  its  hypothetical  dioxygenyl 
salt.  The  synthesis  of  (NG+)2GeFs2  by  the  inte  action  of 
either  Gc02  with  C1NO  and  BrF323  or  Gc  with  FNO-3HF24 
has  previously  been  reported  but  the  compound  was  not 
characterized.  For  our  study,  (NO+)2GeF62  was  prepared 
in  quantitative  yield  by  direct  combination  of  GeF4  with  a 
slight  excess  of  FNO.  It  is  a white  crystalline  solid,  stable  at 
room  temperature. 

The  vibrational  spectrum  of  (NO+)2GeF«2'  is  shown  in 
Figure  I.  The  observed  bands  and  their  frequencies  agree 
well  with  those  previously  reported  for  the  NO+  cation25,26 
and  the  GeF*2"  anion,27"29  thus  confirming  the  ionic  nature 
of  the  adduct.  The  spectra  were  recorded  at  25  and  -120  °C 
but  showed  no  pronounced  temperature-dependent  order- 
disorder  phenomena  caused  by  reoricntational  motion  of  the 
ions.14,30,21  The  splitting  of  the  NO  stretching  mode  into  two 
bands  for  the  solid  disappears  in  the  spectrum  of  the  HF 
solution  (sec  Figure  1 ) and,  hence,  is  due  to  crystal  effects. 
The  l9F  NMR  spectrum  of  (NO+)2GeF62"  in  HF  solution  was 
also  recorded,  but  only  a single  resonance  was  observed  for 
both  GeF$2"  and  HF  solvent  indicating  rapid  exchange  of 
fluorine; 

The  x-ray  powder  diffraction  pattern  of  (NO+)2GeF62”  was 
also  recorded  and  was  tentatively  indexed  for  a hexagonal  unit 
cell  with  a = 1 1.78  A,  c * 9.78  A,  and  Z = 8;  a unit  cell 
apparently  related  to  that  of  (NH4)2GeF6  for  which  a - 5.862 
A,  c = 4.817  A,  and  Z * 1 was  found.32  The  similarity  of 
the  unit  cell  dimensions  per  formula  unit  is  not  surprising  in 
view  of  the  previous  observation30  that  at  25  °C  02+AsFt" 
and  OHj^AsFi"  possess  almost  identical  unit  cells. 


Figure  2.  Vibrational  spectra  of  0,*GcF,':  trace  A,  infrared 
spectrum  of  the  solid  recorded  as  a dry  powder  between  CjI  disks; 
traces  B and  C,  Raman  spectra  of  a well-aged  solid  sample;  trace 
D,  Raman  spectrum  of  a freshly  prepared  sample.  The  spectral 
slit  width  used  for  the  recording  of  the  Raman  bands  in  the  1800- 
1900-cm"1  region  was  half  of  that  (i  cm'1)  used  for  the  recording 
of  the  rest  of  the  spectrum  at  the  same  gain  setting. 


Vibrational  Spectrum  and  Structure  of  02+GeFj~.  The 
vibrational  spectra  of  02+GeF5  are  shown  in  Figures  2 and 
3.  These  spectra  are  relatively  complex  and  rule  out  the 
presence  of  both  GeF62'  (see  above)  and  solid  GcFa  (see 
below).  Since  the  Raman  spectra  show  lines  between  1840 
and  1860  cm-1,  characteristic6,20  for  02+,  the  solid  must  be 
ionic  and  have  the  composition  C>2+GcF5~.  The  Raman  spectra 
were  recorded  over  the  temperature  range  -5  to  -1 30  °C  and 
show  a pronounced  temperature  dependence.  At  the  higher 
temperatures,  the  anion  bands  are  broader  and  fewer  in 
number.  By  analogy  with  02+AsFt',  02+SbF6~,u'30’31  and 
OHj+AsF6-,31  this  might  be  explained  by  order-disorder 
phenomena  (see  above).  Similarly,  freshly  prepared  samples 
showed  a somewhat  simpler  spectrum  (Figure  2,  trace  D)  than 
well-aged  samples. 

A closer  inspection  of  the  02+  bands  in  02+GeFs~  also 
shows  some  interesting  effects.  Whereas  a freshly  prepared 
sample  showed  a single  sharp  line  at  1849  cm’1,  the  aged 
samples  exhibited  two  lines  at  1841  and  1847-1855  cm-1, 
respectively.  The  frequency  of  the  higher  energy  line  and  its 
intensity  relative  to  that  of  the  lower  energy  decreased  with 
decreasing  temperature  (sec  Figure  3).  This  observation  is 
further  evidence  for  the  existence  of  ordering  effects  aud  for 
a unit  cell  containing  more  than  one  02+  cation. 

While  the  vibrational  spectra  establish  beyond  doubt  the 
presence  of  discrete  02+  cations,  there  is  considerable  direct 
and  indirect  evidence  against  the  presence  of  discrete  GeF$~ 
anions,  particularly  in  the  well-aged  samples.  The  GeF;' aniun 
is  isoeiectronic  with  AsFj  and  therefore,  should  possess  a 
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Figure  3.  Temperature  dependence  of  the  O,*  stretching  mode  in 
the  Raman  spectra  of  0,*GeF,'  recorded  with  tenfold  scale 
expansion  and  a spectral  slit  width  of  1 .5  cm'1 . 

trigonal-bipyramidal  structure  of  symmetry  Dy,.  Whereas 
AiFs  and  PF5  are  highly  volatile  and  on  the  basis  of  their 
vibrational  spectra33-**  are  little  associated  in  the  liquid  and 
solid  state,  SbFj  has  a high  boiling  point  and  is  associated  in 
the  gas,  liquid,  and  solid  states35,3*  through  the  formation  of 
cis-fluorine  bridges.  Since  the  size  of  Ge(IV)  should  be  in- 
termediate between  those  of  As(V)  and  Sb(V),  GeFs'  might 
very  well  be  polymeric,  particularly  in  an  anion-dominated 
crystal  lattice. 

Comparison  of  the  Raman  spectrum  of  C^GeFs"  with 
those  of  unassociated  PFj,33  AsFs,34  or  SbFs35  and  associated 
SbFs35  or  tetrameric  NbFj 16,36  was  found  helpful  for  dis- 
tinguishing between  discrete  and  polymeric  GeFs"  anions.  The 
observation  of  at  least  five  Ge-F  stretching  modes,  with  one 
of  them  (480  cm'1)  occurring  in  the  frequency  range  expected 
for  fluorine-bridged  structures,  argues  against  the  presence 
of  a discrete  GeFs"  anion.  Furthermore,  the  Raman  spectrum 
of  GeFs"  in  02+GeFj‘  closely  resembles  that16,36  of  solid 
tetrameric  NbFs,  indicating  a similar  polymeric  structure.  The 
crystal  structure  of  solid  NbF5  hcs  been  determined  by 
Edwards37  and  its  vibrational  spectrum  was  thoroughly  an- 
alyzed by  Beattie  and  co-workers.36  Assignments  for  GeFs" 
on  the  basis  of  a cis-fluorine-bridged  tetrameric  polyanion  can 
therefore  be  made  by  analogy  with  those36  given  by  Beattie 
and  co-workers  for  solid  NbFs.  The  possibility  of  a polymeric 
trans-fluorine-bridged  structure  for  GeFs  can  be  eliminated 
based  on  the  study  of  Beattie  and  co-workers  on  the  vibrational 
spectrum  of  trans-fluorine-bridged  a-BiF;  which  exhibits  a 
much  simpler  Raman  spectrum.38 

The  infrared  spectrum  of  02+GeFs  also  supports  a 
polymeric  structure  for  the  anion.  The  480-cm  1 band,  in- 
dicative of  fluorine  bridges,  was  observed  and  the  remaining 
part  of  the  spectrum  is  very  complex.  Although  the  Raman 
spectra  of  the  anions  in  02+GeFs  and  NFs*GeFs"  39  are 
relatively  similar,  the  corresponding  infrared  spectra  are  more 


distinct.  This  indicates  that  the  structure  of  polymeric  GeFj' 
may  be  significantly  influenced  by  the  nature  of  the  cations. 

Additional  indirect  evidence  for  a polymeric  structure  of 
GeFs'  in  02+GeFs'  can  be  derived  from  the  following  con- 
siderations. (i)  The  observed  thermal  stability  of  C^GeFj* 
would  be  surprisingly  high  (sec  above)  for  a salt  containing 
discrete  GeFj'  anions,  (ii)  The  GeFs~  anion  shows  a strong 
tendency17  to  add  a sixth  ligand,  such  as  H2O  or  NH3.  Since 
the  O2*  cation  is  quite  small,  there  should  be  anion-anion 
contact  in  the  crystal  lattice  and  fluorine  bridging  appears 
likely,  (iii)  The  splitting  of  the  C>2+  stretching  mode  in  the 
Raman  spectrum  of  02+GeF5  indicates  a large  unit  cell 
containing  more  than  one  02+  cation,  contrary  to  G2+MF6" 
for  which  only  one  very  narrow  line  is  observed  for  the  02+ 
stretch  even  at  low  temperatures,  (iv)  The  observed  ortho- 
rhombic crystal  field  splitting  parameter  in  the  ESR  spectrum 
(see  below)  is  compatible  with  a structure  containing  a po- 
lyanion. (v)  The  large  number  of  combination  bands  observed 
for  02+GeF5'  in  the  infrared  spectrum  indicates  many  fun- 
damentals and,  hence,  a rather  complex  anion. 

ESR  Spectrum  of  02+GeF5-.  The  ESR  spectrum  of  02+- 
GeFs",  recorded  at  -196°,  is  shown  in  Figure  4.  The  peak 
to  peak  line  width  is  283  G.  The  g factors  were  determined 
from  computer-simulated  spectra75  as  gx  - 2,00,  gy  *>  1.98, 
and  gz  * 1 .86.  The  natural  line  width  used  was  Lorentzian 
with  a peak  to  peak  width  of  about  140  G.  The  orthorhombic 
crystal  field  splitting  parameter15  determined  from  gz  was  2.7 
X 103  cm'1.  This  value  is  larger  than  those  reported12,15  for 
02+AsF6"  and  02+BFs".  This  larger  crystal  field  could  hr 
caused  by  effects,  such  as  multiple  charges  or  lower  symmetry 
of  the  anion,  and  is  not  surprising  in  view  of  the  probably 
polymeric  nature  of  the  GeFs"  anion  (see  above). 

Raman  Spectrum  of  Solid  GeFs.  The  Raman  spectrum  of 
solid  GeF4  was  recorded  to  demonstrate  the  absence  of  de- 
composition products  in  the  spectra  of  02+GeF5'.  The  ob- 
served spectrum  is  shown  in  Figure  5.  It  will  be  briefly 
discussed  since  it  shows  a remarkable  deviation  from  the 
spectrum  expected  for  a tetrahedral  species  of  symmetry  7V. 
The  observation  of  six  sharp  bends  instead  of  the  four,  expected 
for  Td,  resembles  the  previous  reports  for  solid  SiFs40  and 
CF4  41  By  analogy  with  the  spectrum  of  SiFs  which  has  been 
thoroughly  analyzed,40  we  assign  the  additional  Raman  bands 
observed  for  solid  GeF4  to  a splitting  of  the  two  F2  modes  into 
longitudinal  and  transverse  components.  Longitudinal  and 
transverse  waves  propagate  with  different  frequencies  in  cubic 
or  uniaxial  crystals  with  the  longitudinal  component  having 
£he  higher  frequency.40  Since  the  splitting  of  the  F2  modes 
into  two  components  might  also  be  explained  by  lowering  cf 
the  site  symmetry  of  GeFs  from  Td  to  either  or  Cj,  the 
infrared  spectrum  of  solid  GeF4  was  also  recorded.  However, 
such  a site  symmetry  lowering  seems  less  likely  for  the  fol- 
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Figure  5.  Vibrational  ipectra  of  solid  CeF, : traces  A and  B, 
infrared  spectra  recorded  at  two  different  concentrations;  trace 
C,  Raman  spectrum;  fl  and  tr  indicate  the  longitudinal  and  trans- 
verae  components,  respectively,  of  the  F,  modes, 

lowing  reasons,  (i)  No  evidence  was  found  in  the  infrared 
spectrum  for  r*i  which  for  Cyv  or  C3  should  become  infrared 
active,  (ii)  The  frequency  separations  between  the  F2  com- 
ponents are  larger  than  expected  for  site  symmetry  effects,  (iii) 
The  infrared  spectrum  shows  only  one  intense  component  for 
»}.  For  Cv.  or  Cj,  both  components  should  be  infrared  active, 
whereas  for  a splitting  into  longitudinal  and  transverse 
components  only  the  latter  one  should  be  infrared  active.  A 
more  detailed  study  of  these  effects  was  beyond  the  scope  of 
this  investigation  concerned  with  dioxygenyl  salts. 
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Abstract— The  i.r.  and  Raman  spectra  of  solid  XeF,*BF,'  and  XeF,'AsF4‘  and  their  Raman  and  "F  NMR  spectra  in 
HF  solution  were  recorded.  The  observed  spectra  are  consistent  with  a square-pyramidal  XeF,*  cation  of  symmetry 
Ci..  All  nine  fundamentals  were  assigned  for  XeF,*  and  force  constants  were  computed  for  the  isoelectronic  series 
XeF,*,  IF„  TeF,"  and  SbF,5-. 


INTRODUCTION 

During  an  investigation  of  the  XeOF,-PtF,  reaction 
system  [1]  the  precise  knowledge  of  the  vibrational  and 
"F  NiviR  spectrum  of  XeF,*  was  required  to  allow  its 
distinction  from  the  previously  reported [2]  XeOF,*.  The 
latter  cation,  if  indeed  existent  [I],  should  belong  to  the 
same  point  group  C„  as  XeF,*  and,  therefore,  is  expected 
to  exhibit  similar  spectra.  Although  the  crystal  structure 
of  several  XeF,*  salts  is  know  .J3— 5],  only  incomplete 
information  on  the  spectroscopic  properties  of  XeF,* 
could  be  found  in  the  literature  [2, 6-10].  In  this  paper  we 
report  the  i.r.  and  Raman  spectra  of  solid  XeF,*BFi'  and 
XeF,*AsF,~  and  their  Raman  and  '*F  spectra  in  HF 
solution.  Since  several  assignments  for  XeF,*  were 
questionable,  we  have  used  force  field  computations  for 
'‘the  isoelectronic  series  XeF,*,  IF,,  TeF,'  and  SbF,1'  to 
support  our  assignments.  Force  fields  for  IF,  and  TeF," 
have  previously  been  computcdjll].  However,  in  the 
meanwhile  the  vibrational  spectrum  of  TeF,'  has  been 
reinvestigated  [12, 13]  indicating  the  need  for  reexamina- 
tion of  our  previous [11]  assignment  for  v«(B,). 

EXPERIMENTAL 

Apparatus  end  materials.  Volatile  material,  were  manipulated 
In  a well  passivated  (with  C1F,)  Monel-Teflon  FEP  vacuum 
system.  Pressures  were  measured  with  a Heise  Bourdon  tube-type 
gauge  (0-1300  nun  ± 0- 1 per  cent).  Solid  products  were  handled  in 
the  dry  nitrogen  atmosphere  of  a glove  box. 

I.R.  spectra  of  the  solids  were  recorded  on  a Perkin  Elmer 
Model  457  spectrophotometer  in  the  range  4000-230  cm'1  Using 
pressed  AgCI  pellets[ll].  The  '*F  NMR  spectra  of  HF  solutions 
were  recorded  on  a Varian  Model  DA60  spectrometer  at  36  4 MHz 
using  Teflon  FEP  sample  tubes,  CFC1,  as  external  standard,  and 
the  tide-hand  technique.  The  HF  purification  and  sampling 
technique  ha/i  previously  been  described  [14].  Raman  spectra  were 
recorded  on.  a Cary  Model  83  spectrophotometer  uting  the  4880  A 
exciting  line.  The  spectrometer  was  modified  by  the  addition  of  a 
Claasser,  filter!  13]  fur  the  elimination  of  plasma  lines.  For  the 
solids  and  HF  solutions  glass  melting  point  capillaries  and  FEP 
NMR  sample  tubes,  respectively,  wtre  used  in  the  transverse 
viewing-transverse  excitation  mode.  Metal  masks  containing  two 
small  holes  for  entrance  and  exit  of  the  laser  beam  and  an 
orthogonal  slit-shaped  opening  for  the  exit  of  the  scattered  light 
were  used  for  the  Teflon  tubes  to  effectively  suppress  the  Teflon 
bands  [16], 


Xenon  hexafluoride  was  prepared  by  the  method  of  Malm[17]. 
Arsenic  pentafluoride  (Ozark  Mahoning  Co.)  and  BF,  (The 
Matheson  Co.)  were  purchased.  All  volatile  materials  were 
purified  by  fractional  condensation  prior  to  their  use  and  their 
purity  was  verified  by  i.r.  spectroscopy. 

Synthesis  of  XeF,*BF„'.  Boron  trifluoride  (17-55  mmole)  was 
added  in  increments  at  25*  to  a Teflon  FEP  U-trap  containing  XeF, 
(17-15  mmole).  The  mixture  was  kept  at  25*  for  12  hr,  Unrtacted 
BF,  (0-4  mmole)  was  pumped  off  at  0*  leaving  behind  5-384  g 
<17-14  mmole)  of  XeF,*BF,'. 

Synthesis  of  XeF,*AsF»'.  Arsenic  pentafluoride  (3-95  mmole) 
wa*  "'•ded  at  -196*  to  a Teflon  FEP  ampoule  containing 
XeF,  ’ *8  mmole).  The  mixture  was  kept  at -80*  for  20  hr. 
The  volatile  material  was  removed  in  vacuo  and  consisted  of  BF, 
(1-86  mmole)  ’d  , nreacted  AsF,  (2-08  mmole).  The  white  solid 
residue  weighed  783  mg  in  good  agreement  with  the  weight  (781 
mg)  calculated  for  1-88  mmole  of  XeF,*  AsF," . 

RESULTS  AND  DISCUSSIONS 

'*F  NMR  spectra.  The  '*F  NMR  spectra  of  XeF,*AsF,' 
and  XeF,*BF,~  in  HF  solution  were  measured  in  the 
temperature  range  20  to  -80°.  For  XeF,*AsF»'(  acidifica- 
tion of  the  HF  solution  with  AsF,  was  required"  to 
suppress  the  exchange  rate  between  XeF,*  and  the 
solvent  and  to  allow  observation  of  a separate  XeF,* 
resonance  signal.  For  a AsF,,  XeF,*AsF*'  HF  mixture 
having  a mole  ratio  of  1 : 1 -3 : 7*6,  a sharp  AB,  spectrum  in 
the  XeF  region  was  observed  at  20*  exhibiting  the 
expected  "'Xe  satellites  (see  Table  1).  In  addition  a very 
broad  peak  at  111  ppm  above  external  CFCl,  was 
observed  for  rapidly  exchanging  HF,  AsF,'  and  AsF,. 

For  XeF,*BF4',  acidification  with  BF,  did  not  result  in  a 
separate  XeF,*  signal.  In  nest  HF  a separate  signal  '/as 
observed  for  BF,'  at  148  ppm[19]  which  at  20*  was 
relatively  broad,  but  became  narrow  at  lower  tempera- 
ture. The  HF-XeF,*  peak  occurred  at  20*  at  123  ppm  and 
was  relatively  narrow.  With  decreasing  temperature  this 
resonance  became  increasingly  broader  and  was  shifted 
upfield  (to  170  ppm  at  -75*),  but  did  not  split  into  separate 
signals.  The  upfield  shift  was  caused  by  partial  precipita- 
tion of  XeF,*BF,\ 

The  chemical  shifts  and  coupling  constants  observed 
for  XeF,*  in  acidified  HF  are  in  reasonable  agreement 
with  those  previously  reported  for  XeF*  in  SbF,  [20]  and 
HOSOiF[21]  solution  (see  Table  1). 
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Table  t.  '*F  NMR  parameters  of  XeF.«*  in  acidified  HF  compared 
to  those  in  SbF,[20]and  HOSO:F[21]  solution 


Chemical  shifts  (ppm)  Coupling  constants  (Hz) 
Solvent  A (quintet)  fi.(doubiet)  x,r* 


HF(AsFj) 

-228-4 

-110-0 

174-1 

1433 

152- 1 

SbFj 

-231-7 

-108-8 

175-7 

1512 

143-1 

HOSOiF 

179 

1377 

170 

Vibrational  spectra.  Figures  1 and  2 show  the  i.r.  and 
Raman  spectra  of  solid  and  the  Raman  spectra  in  HF 
solution  of  XeFj*BF<"  and  XeFj*AsF»",  respectively.  The 
observed  frequencies  are  listed  in  Table  2 and  are 
compared  with  those  reported  for  isoelectrooic 
IF)  [12, 22, 23]. 

Schematic  line  diagrams  for  the  Raman  spectrum  of 
solid  XeF/AsF«~  have  previously  been  reported  [6, 7),  but 
oo  assignments  were  given.  The  published  diagrams  [6, 7] 


MOO  1200  1000  000  *00  400  200 
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FSg.  t.  Vibrational  spectra  of  XeFj*BF«’:  A,  ijr.  spectrum  of  the 
sottd  at  AgCI  disk:  B,  Raman  spectrum  of  the  solid;  C and  D, 
Raman  spectrum  of  the  HF  wfcitkm.  Incident  polarization 
perpendicular  and  parallel,  respectively;  £ indicates  spectral  slit 
width. 


Frequency,  chi'1 

Fig.  2.  Vibratfonai  spectra  of  XeF,4AsF»~. 


and  our  spectrum  agree  well  for  most  of  the  stronger 
bands.  The  Raman  line  diagram  of  an  HF  solution  of 
XeF)*AsF(~  has  also  been  published,  but  significantly 
deviates  from  our  spectrum  and  provided  no  clear 
evidence  for  the  presence  of  the  AsFt  anion  [7].  Recently 
a Raman  line  diagram  for  solid  XeF,*BF.f  has  also  been 
published  (2)  and  been  compared  to  that  of  IFs.  It  agrees 
well  with  our  spectrum,  but  owing  to  the  lack  of  hr.  and 
solution  Raman  data  the  suggested  [2]  assignment  was  no* 
well  founded  and  needs  revision  (see  below).  Raman 
spectra  of  two  compounds  containing  XeFj*  in  combina- 
tion with  SO)F[lO]  and  PdF»l'[§]  have  also  been 
recorded,  but  again  no  detailed  vibrational  analysis  was 
given. 

Inspection  of  Figs.  1 and  2 and  of  Table  2 reveals  that 
the  vibrational  spectra  of  HF  solutions  of  XeF«*BF>  and 
XeFcAsFs  contain  the  bands  expected[19)  for  the  free 
BF«‘  and  AsF,'  ions,  respectively.  The  presence  of  the 
XeF)4  cation  in  these  solutions  has  been  established  by 
l*F  NMR  spectroscopy  (see  above).  Comparison  of  the 
solution  spectra  with  those  of  the  solids  shows  the 
presence  of  the  same  ions  in  the  solids.  For  XeF)*BF«'t 
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the  spectra  are  juite  similar.  The  only  deviations  from  the 
selection  rules  for  BF4"  of  symmetry  L are  observed  in 
the  i.r.  spectrum  of  the  solid,  where  vi(A,)  and  v2(£) 
became  i.r.  active.  This  effect  is  frequently  observed  for 
BF4"  salts  in  the  solid  state.  It  is  readily  explained  by  a 
lower  site  symmetry  and/or  crystal  field  effects.  For 
XeF,*AsF4~,the  solid  state  spectra  show  little  change  for 
the  XeF,*  bands  but  pronounced  splittings  for  the  AsF4" 
bands.  The  fact  that  that  in  the  solid  state  the  spectrum  of 
a highly  symmetric  ion  such  as  octahedral  AsFt"  is  more 
strongly  affected  than  those  of  ions  of  lower  symmetry, 
has  previously  been  discussed  in  detail  [24]  for 
BrF,*SbF4"  and  does  not  rule  out  predominantly  ionic 
structures.  Since  the  ionic  nature  of  the  solid  XeF.Lewis 
acid  adducts  has  been  established  by  single  crystal  X-ray 
diffraction  studies  [2-5],  we  can  limit  the  discussion  of  the 
observed  spectra  to  the  assignment  of  the  XeF,*  bands. 

For  XeF,*  of  symmetry  C4.  nine  fundamental  vibra- 
tions should  be  observed.  These  are  classified  as 
3Ai  + 2Bi  + Bj  + 3£  Ideally,  all  nine  modes  should  be 
Raman  active  whereas  only  the  At  and  E modes  should 
be  i.r.  active.  Of  the  Raman  active  modes  only  those  of 
species  A,  should  be  polarized. 

After  subtraction  of  the  anion  bands,  we  are  left  with 
three  polarized  Raman  lines  at  about  680,  62$  and  3SS 
cm*1.  Based  on  their  frequencies,  relative  i.r.  and  Raman 
intensities,  and  a comparison  with  the  known  spectrum  of 
isoelectronic  IF,[12,22.23],  these  are  assigned  to  the 
axial  Xe-F  stretch,  the  symmetric  XeF,  stretch,  and  the 
umbrella  deformation,  respectively.  The  antisymmetric 
XeF.  stretch  of  species  E is  readily  assigned  to  652  cm"' 
based  on  its  high  intensity  in  the  i.r.  spectrum  of 
XeF,*BF4".  The  remaining  yet  unassigned  stretching 
mode  is  the  symmetric  out  of  phase  XeF<  stretch  of 
species  fl,.  This  mode  is  i.r.  inactive  and  of  relatively  low 
Raman  intensity  and,  therefore,  more  difficult  to  assign.  It 
should  occur  in  the  region  550-700  cm*1.  There  are  two 
possible  assignments  for  this  mode,  i.e.  610  and  672  cm"1, 
listed  in  Table  3 as  sets  A and  B,  respectively.  We 
strongly  prefer  set  A over  set  B for  the  following 
reasons:  (i)  a plot  of  the  stretching  frequencies  within  the 
isoelectronic  series  XeF5\  IF*.  TeF,',  SbF,1'  (see  Fig.  3 
and  Table  3)  and  the  force  field  computations  (see  below) 


favor  set  A,  (ii)  the  shoulder  at  672  cm"1  in  the  solid  is  not 
observed  for  the  solution  spectrum  whereas  the  shoulder 
at  about  610  cm"1  is  retained. 

' There  are  four  bands  at  410,  300, 261  and  218  cm"'  left 
for  assignment  to  the  remaining  four  yet  unassigned 
deformational  modes.  Based  on  its  high  i.r.  intensity,  its 
splitting  into  two  components  in  the  spectrum  of  solid 
XeF,‘BF4",  and  by  comparison  with  IFJt  the  410  cm'1 
band  is  assigned  to  the  E mode,  v,.  The  v,(Bi)  mode 
involves  only  a very  small  change  in  polarizability  and, 
therefore,  should  be  of  very  low  Raman  intensity.  For  the 
other  members  of  this  series  it  has  not  been  observed  and 
for  XeF,*  it  is  assigned  to  the  very  weak  Raman  line  at  261 
cm"1.  The  two  remaining  bands  at  300  and  218  cm"1  are 
assigned  to  v«.(B,)  and  v*(E),  respectively,  by  analogy 
with  the  well  established  assignments  reported  [12]  for  the 
remaining  members  of  this  isoelectronic  series. 

For  the  solids,  Raman  lines  were  observed  in  the 
vicinity  of  100  cm"1.  Their  frequencies  are  too  low  for 
fundamentals  and,  therefore,  they  are  attributed  to  lattice 
vibrations  or  weak  fluorine  bridges.  For  solid  XeF,*BF4", 
a Raman  line  was  observed  at  154  cm"1.  This  line  is 
retained  in  solution  although  it  becomes  very  broad  and 
shifts  to  lower  frequency.  For  solid  XeF,*AsF4",  a similar 
Raman  band  was  observed  at  130  cm"1.  Owing  to  their 
relatively  large  differences  in  frequency,  we  feel  that 
these  bands  do  not  represent  a fundamental  of  XeF,*.  A 
conclusive  assignment  for  these  bands  cannot  be  made  at 
the  present  time. 

In  summary,  the  vibrational  spectra  of  XeFfBF,  and 
XeF*  AsF,  are  in  good  agreement  with  the  ionic 
structures  XeF,*BF4"  and  XeFfAsF*",  respectively. 
Assignments  were  made  for  all  nine  fundamentals  of 
XeF,*  in  agreement  with  predictions  for  a six  atomic 
species  of  symmetry  C4„  Our  assignments  for  XeF,* 
differ  for  four  modes  from  those  previously  cited  [2]  as 
unpublished  results. 

Foret  constants.  The  plausibility  of  our  assignments 
for  XeF,*  was  examined  by  computation  of  a modified 
valence  force  field  and  by  its  comparison  with  those  of 
isoelectronic  IF,,  TeF,"  and  SbF,1".  The  required  poten- 
tial and  kinetic  energy  metrics  were  computed  with  a 
machine  method  [25]  using  the  geometries  shown  in  Table 


Table  3.  Comparison  of  the  fundamentals  of  the  isoelectronic  scries  XeF,*,  IF,, TeF, 

and  SbF, *" 


Frequencies  (cm"’) 

Assignment  in  Approx,  description  XeF,*  IF,*  TeF,"*  SbF,1"* 


point  group  C4. 

of  vibration 

A 

B 

A B 

*1 

s-(XF') 

679 

710 

624 

557 

v,{XF4)  in  phase 

625 

616 

517 

427 

t,(XF.)  umbrella 

355 

318 

291 

278 

Ei 

V* 

»,(XF.)out  of  phase 

610 

672 

604 

488  579 

388 

IHXF.)  out  of  plane 

261 

B, 

3,(XF4)inplane 

300 

276 

243 

220 

£ 

IV 

»„(XFJ 

652 

631 

479 

377 

IV 

HFXF.) 

410 

372 

350 

307 

I# 

itAXF,)  in  plane 

218 

200 

146 

142 

•Data  from  Rett.  [12.  22,  23], 

(Data  from  Ref.  [12], 
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Fig.  3.  Plot  of  the  stretehinj  frequencies  for  theisoeiectronic  series  SbF,1".  TeF,* . IF,  and  XeF,*. 


4.  The  force  constant  definitions  used  are  those  of  Begun 
et  of.  [23],  except  that  the  deformation  coordinates  are 
weighted  by  unit  (1  A)  distance.  The  force  constants  were 
adjusted  by  trial  and  error,  assuming  the  simplest  possible 
modified  valence  force  field,  to  give  an  exact  fit  between 
the  observed  and  computed  frequencies.  Owing  to  the 
heavy  central  atom,  coupling  between  the  diagonal  F 
terms  should  be  relatively  small  and  a diagonal  force  field 
might  be  expected  to  be  a reasonable  approximation  of 
the  general  valence  force  field.  When  alternate  assign- 
ments were  possible,  force  fields  were  computed  for  both 
assignments  and  are  included  in  Table  S as  sets  A and  A 
The  potential  energy  distribution  showed  tha2  all  vibra- 
tions were  highly  characteristic  (88  per  cent  or  higher) 
except  for  the  Ai  block  of  XeF,’  where  the  similar 
frequencies  of  v,  and  «m  caused  considerable  mixing  of 
the  corresponding  symmetry  coordinates.  However, 


Table  4.  Assumed  molecular  parameters  tor  XeF,*,  JF„  TeF,' 
aadSbF,*- 


XeF,** 

IF.t 

TeF.’t 

SbF,*'f 

R,  A (axial) 

1-76 

1-84 

1-86 

1*16 

r,  A (equatorial) 

112 

1*7 

1-S5 

2-075 

ftdeg 

•0-4 

81-9 

781 

79-4 

*K.  Leary,  D.  H.  Templeton,  A.  Zalfcis  and  N.  Bartlett,  hart. 
Oum.  12.  1726  (1973). 

tA.  C.  Robiette,  R.  H.  Bradley  aad  P.  N.  Brier,  Omt 
Comma*.,  1567  (1971). 

tS.  H.  Martin.  R.  R.  Ryan  aad  L B-  Asprey,  Inorg.  Omm.  9, 
2100  (1970). 

IR-  R.  Ryan  and  D.  T.  Cromer,  Inorg.  On.  11, 2322  (1972). 
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introduction  of  a small  Fu  term  (sets  A’  and  A’  in  Table 
5)  resulted  in  highly  characteristic  vibrations. 

Inspection  of  Table  5 shows  smooth  fores  constant 
trends  within  the  isoelectronic  series  XeF,*,  IF,,  TeF,' 
and  SbF,J'.  Of  the  assignments  previously  reported  [12] 
for  IF,,  TeF,'  and  SbF,1'  only  one  assignment,  v,  of 
TeF,',  does  not  fit  the  overall  picture.  The  frequency  of 
569cm'1  assigned[12]  to  this  mode  appears  too  high  by 
about  100  cm'1  as  can  also  be  seen  from  Fig.  3. 
Assignment  of  either  the  492  or  507  cm'1  single  crystal 
Kama  i component  [12]  to  v*(B,)  might  resolve  this 
discrepancy  and  results  in  a better  force  field  :trend  and  is 
given  as  Set  A in  Table  5.  The  479cm'1  siitgle  crystal 
Raman  band  might  be  then  reassigned  to  the  a,  + bu 
component  of  *(£).  Such  a reassignment  might  also 
account  for  the  high  Raman  intensity  of  the  488  powder 
band  which  is  difficult  to  explain  in  terms  of  the 
antisymmetric  TeF,  stretch  alone,  but  could  be  caused  by  a 
coincidence  of  w(Ai)  and  th(E)  at  488  cm'1.  The  579  cm'1 
Raman  line,  which  was  previously  assigned  to  v^Ai)[12], 
is  very  weak  and  might  possibly  be  due  to  a combination 
band  such  as  *+»«, -588  or  479  + 95  - 574. 

For  XeF,*,  there  was  also  a question [2]  about »,  being 
at  672  cr  610  cm'*.  As  can  be  seen  from  Table  5,  *,  - 6)0 
cm'’  (Set  A)  results  in  an  /„  value  similar  to  those  found 
for  the  other  members  of  this  series  and  makes  /,  and  /» 
more  dissimilar  in  agreement  with  the  observed  difference 
in  bond  length  between  equatorial  and  axial  bonds  [5]. 

Table  5 it  an  excellent  example  for  force  constant 
trends  in  isoelectronic  series  containing  fluorine  ligands. 
When  moving  to  the  sight  in  the  periodic  system,  both  the 
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Km u.  0.  uaCTE  ts  uL 


Table  5.  Companion  of  the  symmetry  and  internal  force  constants*  of  the  iscelect/oaic  series  XeF,* , IF>,  TeF/ , SbF,3'  using  the 

assignments  of  Table  3 


— 1 — XeF,* 

, 

- — TeF,‘  — 

A 

A'  B 

B' 

IF, 

A B 

SbF,1- 

A,  F„-/„  4-35 

443  4-35 

443 

4-82 

3-71 

2-93 

F„«  2/„  0 

— 0-2t  0 

-0-2t 

0 

0 

0 

Fa  ■ /,  + 2/„  + /„•  438 

4-30  4-38 

4-30 

4-42 

2-95 

2-01 

Fu-M/,+(l- U)f.  + 1UU  + Jftr 

2-90 

2-47 

215 

2-23 

+ 2(1  - M)U  + (1  “ W)/-  + t’U  + HU* 

B,  Fumi,  -2/„  +/„ 

4-17 

SOC 

4-08 

2-66  3-75 

1-68 

F»  - f,  - 2/m  + fM 

2-53 

(2-25)5 

i!'9)5 

(H]i 

B,  F„-/.  -2/„  +/„ 

0-86 

0-76 

0-65 

060 

E F„ 

3-65 

3-39 

1 95 

116 

Fmm  ft  ~ ftt 

1-88 

!-67 

1-57 

1-33 

Fm»f.-f„ 

0-77 

0-67 

039 

0-42 

ft  4-35 

4-43  4 35 

4-43 

4-82 

3-71 

2-93 

f,  396 

3-94  4-19 

4-17 

3-77 

2-38  2 65 

1 50 

/„.  005 

0 03  -0-17 

-0-19 

0-04 

0-07  -0-20 

0 08 

/„  031 

0-29  054 

052 

0 38 

0 43  0-70 

0-34 

fa,  0 

-0-1  0 

-0-1 

0 

0 

0 

0-77 

0-67 

0-39 

042 

fa 

2-36 

2-05 

1-88 

1-77 

/- 

-0-05 

-0-05 

-013 

-0-09 

faa 

015 

0-09 

0-14 

0 15 

fat 

048 

0-38 

0 31 

0-44 

*f,+fa 

20-2 

199 

13-2 

89 

f.-fa  091 

0-89  096 

094 

0-78 

0-64  0-71 

0 51 

‘Stretching  constants  are  in  mdyn/A  and  deformation  constants  in  mdyn Ik  radian3;  the  preferred  force  constant  sets  are 
underlined. 

tlnteraction  term  required  for  the  potential  energy  distribution  of  v,  and  r,  to  be  most  characteristic,  i.e.  100  Si,  and  98%  Si, 
respectively.  For  F|,«0,  the  following  PED  was  obtained:  v,  “74S,  + 26Si  and  r,-74S, + 26S,. 

JThe  factors  M and  N are  a function  of  the  bond  angles  and  in  alphabetical  order  have  the  following  numerical  values:  XeF,*, 
0 90,  1 19;  IF,,  0 91.  14)3;  TeF,*,  0 87,  M3;  SbF,J-.  0 88,  1-28. 

{Values  estimated  from  the  trends  observed  for  F„  and  F«. 

*Tbe  internal  deformation  constants  were  computed  assuming  /—  “ /—  “/_•  « 0. 


oxidation  state  and  the  electronegativity  of  the  central 
atom  increase.  This  results  in  a decrease  of  the  Xt.-F,. 
bond  polarity  and  an  increase  of  the  bond  strength  and 
force  constants.  However,  this  increase  is  not  linear  but 
levels  off  towards  the  sixth  or  seventh  main  group  for  the 
higher  period  elements.  For  the  XeF,*  series,  a second 
trend  can  be  observed  which  is  reflected  by  the  /,:/* 
ratio.  In  species  containing  more  than  eight  valence 
electrons  and  at  least  one  free  valence  electron  pair  on  the 
central  atom,  the  free  valence  electron  pair  seeks  as  much 
r -character  as  possible.  This  results  in  the  formation  of 
linear  semi-ionic  three  center-four  electron  bond  pairs 
until  the  free  valence  electron  pair  can  form  an  »p"  hybrid 
with  the  remaining  fluorine  ligands  [26],  As  can  be  seen 
from  Table  3,  the  axial  bond  (/*)  is  significantly  stronger 
than  the  four  equatorial  ones  (/,)  for  our  series.  The 
formation  of  the  weaker  semi-ionic  bonds  is  favoted  by 
formal  negative  charges  and  increased  electronegativity 
difference  between  the  central  atom  and  the  ligand.  Thus, 
SbF,1'  closely  approximates  the  ideal  semi-ionic  /,:/* 
ratio  of  0 5.  This  ratio  increases  towards  XeF,*  for  which 
the  equatorial  bonds  become  almost  as  strong  as  the  axial 
one.  Whereas  the  force  constant  data  result  in  a smooth 
trend,  the  bond  length  differences  (see  Table  4)  appear 
more  erratic.  This  may  partially  be  due  to  variations  in 


bond  distances  for  the  same  species  depending  on  the 
counterion.  For  example,  the  equatorial  axial  bond  length 
differences  observed  [5]  for  different  XeF,*  salts  vary 
from  0 03  to  0 07  A. 

The  force  constants  obtained  for  this  isoclectronic 
series  also  serve  as  a good  example  for  continuous  trends 
within  the  periodic  system.  They  demonstrate  that  terms 
such  as  semi-ionic  or  covalent  bonds  are  idealized 
descriptions  of  extremes  and  should  be  understood  as 
such.  In  reality,  the  degree  of  polarity  or  tonicity  of  bonds 
changes  gradually  throughout  such  isoclectronic  series 
resulting  in  a smooth  transition  from  one  type  of  bonding 
to  the  other. 
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Fluorldo  Crystal  Structures.  Part  XXVI.1  Bis[difluorobromonium(m)] 
Hexafluorogermanate(iv) 

By  Anthony  J.  Edwarda/  Chsmittry  Dspartmsnt,  University  of  Birmingham,  P.O.  Box  363,  Birmingham  B1 6 2TT 
Karl  O.  Chriata.  Rocketdyna  Division,  Rockwall  International,  Canoga  Park.  California  91304,  U.S.A. 

Crystals  of  tha  title  compound  are  monoclinic,  space  group  Plx!c.  a » 6.07(1).  b - 13.83(2),  c ■ 6.46(1)  A. 
P “ 116.6(3)  . The  structure  was  solved  by  the  heavy-atom  technique  and  iefined  by  three-dimensional  least- 
squares  methods  to  R 0.087  for  462  visually  estimated  reflections.  The  atomic  arrangement  is  consistent  with  tits 
ionic  formulation  [BrFt]  *[GgF«]^  but  there  are  strong  interactions  betweer*  the  ions  through  fluorine  bridging1 
giving  endless  chains  parallel  to  the  s axis.  There  is  consideiable  distortion  in  the  octahedral  co-ordination  of  the 
germanium  atom,  and  the  bromine  atoms  have  a distorted  square  planar  co-ordination  with  two  Br-F (terminal) 
and  two  Br-F  (bridge)  distances,  means  1.71  and  2.21  A. 


Bromine  trifluoride  is  amphoteric  and  can  form  adducts  * 
with  strong  Lewis  adds,  such  as  SbF4  (ref.  3)  or  GeF4.4 
The  crystal  structure  of  BrFt-SbF,  has  been  determined  * 
and  showed  that  the  adduct  is  predominantly  ionic, 
although  cation-anion  interaction  occurs  through  weak 
fluorine  bridges  causing  distortion  of  the  anion.  A 
controversy  existed  concerning  the  structure  of  the 
(BrFs)1,GeF4  adduct.  Based  on  vibrational  spectra, 
Brown  and  co-workers  postulated*  that  it  cannot  be  ionic. 
Subsequently,  Christe  and  Schack  showed*  that  the 
vibrational  spectra  do  not  rule  out  a predominantly  ionic 
structure  containing  weak  fluorine  bridges  and/or 
distorted  ions.  In  view  of  this  controversy  and  the 
failure  of  vibrational  spectroscopy  to  establish  unam- 
biguously the  nature  of  (BrFj)t*GeF4,  a crystal  structure 
determination  of  this  adduct  appeared  most  interesting. 

EXPERIMENTAL 

The  preparation  of  the  complex  has  been  described 
previously.*  Single  crystals  were  grown  by  sublimation  in 

i Part  XXV,  J.  C.  Dswan,  A.  J.  Edwards,  J.  E.  Guardrail,  and 
F.  Fetillon,  J.C.S.  Datum,  1975,  1*95. 

* L.  Stein,  in  ‘ Halogen  Chemistry,'  vol.  I,  ed.  V.  Gutmann, 
Academic  Freed,  New  York,  1967,  ch.  3. 

* A.  A.  Woo if  and  H.  J.  Emeiend.  J.  Clum.  Sot.,  1949,  *945. 


a temperature  gradient  in  silica  capillaries.  The  crystals 
formed  as  thin  plates  and  most  were  twinned.  One  single 
crystal  was  sealed  in  a short  length  of  evacuated  silica 
capillary  for  the  crystallographic  investigation.  No  notice- 
able decomposition  or  attack  on  the  silica  occurred  during 
data  collection. 

Crystal  Data. — BrtFltGe,  AT  - 42*,  Monodinic, 
a - 5.07(1),  b - 13.83(2),  c - 6.46(1)  A,  ft  - 110.0(3)°, 
U - 404  A*,  Z = 2,  Da  - 3.46,  F(000)  - 384.  Space 
group  P2Jc  (CJ»,  No.  14)  from  systematic  absences.  Cu -Km 
(X  - 1.541  8 A)  and  Mo-A,  (X  - 0.710  7 A,  p - 148  cm'1) 
radiations;  single-crystal  precession  and  Weissenberg 
photographs. 

Dm  was  not  measured  but  the  volume  is  consistent  with 
2-2,  since  with  20  fluorine  atoms  in  the  unit  cell,  the 
volume  per  fluorine  atom  is  20  A*,  identical  with  that  for 
[ErFJ+CSbFJ-. 

Structure  Determination. — Integrated  intensities  were 
collected  about  the  a axis  (layers  0 — 4JU)  by  use  of  14o-A. 
radiation  and  a Nonius  integrating  Weissenberg  camera. 
The  relative  intensities  were  measured  with  a photometer 

4 D.  H.  Brown,  K.  R.  Dixon,  and  D.  W.  A.  Sharp,  Cham. 
Comm.,  1906,  654. 

A.  J.  Edwards  and  G.  R.  Jones,  J.  Ckm.  Sac.  (A),  1969, 

' K.  O.  Christe  and  C.  J.  Schack,  Inorg.  Clum.,  1970,  9,  8*96. 


446 


176 


of  similar  design  to  that  described  by  Jeffery,’  and  structure 
amplitudes  derived  for  463  independent  reflections  by 
correction  for  Lorents  and  polarisation  factors. 

The  structure  was  solved  by  conventional  Patterson- 
Fourier  techniques,  with  scattering  factors  for  neutral 
atoms.'  Refinement  of  positional  and  isotropic  tempera- 
ture parameters,  and  layer  scale  factors,  was  by  full-matrix 
least-squares  methods.  The  function  £w(|.F,|  — |FJ)*  was 
minimised,  initially  with  unit  weights  and  in  the  final  stages 
of  refinement  with  y/w  — |Fej/23  when  |F,|  < S3  and 
■y/w  — 22/|F0|  when  |F0j  > 32.  When  refinement  was 
almost  complete  (at  R 0.17)  an  absorption  correction  was 

Table  1 


Final  atomic  positional  and  thermal  parameters,  with 
estimated  standard  deviations  in  parentheses 


Atom 

*1* 

ylb 

tic 

fl/A* 

Ge 

0 

0 

1 

2.12(8) 

Br 

0.3142(6) 

0.1367(2) 

0.6662(4) 

2.34(6) 

F(l) 

0.0123(38) 

0.0360(13) 

0.7328(27) 

3.03(27) 

F(2) 

0.7287(41) 

0.0863(16) 

0.0480(30) 

3.86(33) 

F3) 

0.2682(38) 

0.0838(13) 

1.1647(28) 

3.38(32) 

F(4) 

0.6301(40) 

0.2143(16) 

0.6863(31) 

4.48(38) 

F(6) 

0.0077(41) 

0.1782(16) 

Table  2 

0.4434(30) 

4.13(36) 

Interatomic  distances  (A)  and  angles  (°),  with  estimated 
standard  deviations  in  parentheses 


(a)  Distances 


Ge-F(l) 

Ge— F(2’) 

1.82(2) 

Br-F(4) 

1.74(2) 

1.83(2) 

Br—F(6) 

1.69(2) 

Ge-F(3) 

1.73(3) 

Br-F(l) 

2.26(2) 

F(l)  • ■ • F(3) 

2.64(2) 

Br— F(2) 

2.17(2) 

F(l  • • • F(2*) 

2.64(3) 

F(4)  • • • F(6) 

2.44(3) 

F(3  • • • F(2») 

2.47(3) 

F(l)  • • • F(2) 

3.37(3) 

F I • • • F(2») 

2.61(3) 

F(4)  • • • F(2) 

2.83(3) 

F(l)  • • • F SU) 

2.48(3) 

F(6)  • • • F(l) 

2.71(3) 

F(2)  • • ■ F(3«) 

2.67(3) 

(6)  Angles 

F(l)-Ge-F(23 

F(3)-Ge-F2») 

88.6(8) 

87.7  8) 

F(4)— Br— F(6) 
F(l)— Br-F(2) 

80.7(9) 

99.6(7) 

F(l)-Ge-F(3) 

81.2(8) 

F(l)-Br-F(6) 

86.9(8) 

Ge— F(l)— Hr 

131.3(8) 

F(2)-Br-F(4) 

83.8(8) 

Br-F(2)-Ge'« 

136.4(10) 

(e)  Contacts  < 

3.6  A 

Br  • • • F(3) 

3.34(2) 

F(2)  • • • F(3) 

3.16(3) 

F(l)  • • • F(4») 

3.32(3) 

F(5)  • • • F(4*) 

3.03(3) 

Br  • • • F(4nr) 

3.24(2) 

F(2)  • • • F(4^) 

3.11(3) 

F(3) F(4IT) 

3.18  31 

F(4)  • ■ • F 4") 

3.37(1) 

Br  • • • F(3*) 

F(6)  • • • F(3*) 

3.28(2) 

F<4)  • • • F(3T) 
F<6)  • • • F(2*>) 

3.12(2) 

3.02(3) 

3.08(2) 

F(6)  • • • l‘(2*»») 

3.44(3) 

F(6)  • • • F(4r») 

2.89(3) 

Roman  numeral*  as  superscripts  refer  to  atoms  in  the  posi- 
tions: 


I - X + x,  y,  x V x.  y,  - 1 + x 

II  —x,  —V.  2 — x VI  — 1-|-  x,y,  — 1 + « 

UI1+*.  y,  x VII  -1  + xr.i-y. -*  + x 
IV  x,  i - y.  i + x 

applied,  by  use  of  the  computer  programme  ABSCOR,  for 
a crystal,  elongated  along  a with  dimensions  0.65  x 0.2  x 
0.04  mm.  After  application  of  this  correction  and  further 
eyelet  of  refinement  the  final  R was  0.087.  The  final  para- 
meter shifts  were  <0.1  a and  an  analysis  of  the  variation  of 
wA*  with  increasing  sin9/X  and  increasing  fractions  of  |F„| 
was  satisfactory.  Observed  and  calculated  structure 
factors  are  listed  in  Supplementary  Publication  No.  SUP 
21646  (4  pp.,  1 microfiche),*  and  the  final  positional 

* See  Notice  to  Authors  No.  7,  in  J.C.S.  Dillon,  1876,  Index 
issue. 
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parameters  and  isotropic  temperature  factors,  with  their 
estimated  standard  deviations,  in  Table  1.  Interatomic 
distances  and  angles  are  given  in  Table  2. 

DISCUSSION 

The  atomic  arrangement  is  illustrated  in  Figures  1 and 
2.  The  ionic  formulation  [BrF1]+t[GeFt]'-  gives  the 
best  description  for  the  structure,  since  it  is  compatible 
nth  the  nearest  neighbours  to  the  bromine  and 
germanium  atoms.  Thus,  the  two  fluorine  atoms,  mean 
distance  1.71  A from  bromine,  and  the  four  fluorines  1.82 


Figure  1 The  endless  chain  arrangement  shown  in  projection 
down  [100] 


Figure  2 Projection  of  the  structure  down  [001] 


and  two  1.73  A from  germanium,  define  the  ions,  with  the 
next-nearest  fluorine  atoms  to  bromine,  at  a mean  distance 
of  2.21  A,  having  a significantly  weaker  interaction. 

The  co-ordination  around  germanium  is  distorted  from 
octahedral  by  a lengthening  of  four  coplanar  Ge-F  bends 
involved  in  bridging  to  four  bromine  atoms.  The 
F-Ge-F  angles  are  not  significantly  different  from  90° 
and  the  symmetry  of  the  [GeFJ  unit  is  approximately  Du- 
This  result  agrees  with  the  previous  conclusions,*-'  based 

’ I.  W.  Jeffery,  J.  Set.  Ins*.,  18«S,  40,  484. 

* * International  Table*  for  jf-Ray  Crystallography,’  vol.  Ill, 
Kynoch  Press,  Birmingham,  1846,  p.  202. 
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on  vibrational  spectroscopy,  that  the  compound  does  not 
contain  octahedral  [GeFJ*-  ions. 

The  two  Br-F  distances  in  the  BrFt+  cation  are  not 
significantly  different.  The  mean  Br-F  distance  (1.71  A) 
and  the  F-Br-F  angle  (90.7°)  are  very  similar  to  the 
corresponding  values  (1.69  A and  93.6°)  found  for  the 
cation  * in  [BrF1]+[SbFi]~. 

Although  the  ionic  formulation  gives  an  approximate 
description  of  the  structure,  the  two  extra  Br-F  distances 
of  2.17  and  2.26  A,  which  complete  a distorted  square- 
planar  fluorine  co-ordination  around  bromine,  represent 
a significant  interaction.  Thus,  there  is  a contribution 
to  the  structure  from  the  covalently  bonded  fluorine- 
bridged  arrangement.  Since  Br  in  (BrFt]+  possesses  two 
sterically  active  electron  pairs,  this  cation  can  be  con- 
sidered to  be  pseudo-six-co-ordinated. 

The  long  Br-F  contacts  from  pairs  of  bromine  atoms 
form  bridges  between  separate  [GeFJ  units,  to  give 
infinite  chains  running  parallel  to  the  a axis,  as  shown  in 
projection  in  Figures  1 and  2.  The  ratio  of  Br-F  (bridge) 


to  Br-F (terminal)  is  1.2$,  significantly  less  than  the  value 
of  (1 .36)  for  [BrFJ^SbFj]-,8  but  slightly  larger  than  that 
(1.27)  for  [BrF4]+r,Sb,FH]".*  This  indicates  that  the 
covalent  interaction  increases  in  the  order:  [BrFt]+- 
[SbFJ-  < [BrFJVGeFJ*-  « [BrF^Sb^]-.  The 
ratio  of  the  Ge-F(bridge)  to  Ge-F(terminal)  distance 
(1.06)  is  very  similar  to  the  corresponding  Sb-F  ratio 
(1.04)  in  [BrF1]+[SbF4]“  indicating  that  the  differences 
in  the  anion  bond  lengths  are  not  as  good  a measure  of 
the  strength  of  the  fluorine  bridge,  and  might  be  influenced 
by  the  different  number  of  fluorine  bridges  involved  in 
the  1 : 1 and  2 : 1 adducts. 

We  thank  Dr  T.  A.  Hamor  for  his  amended  versions  of  t K.e 
computer  programs  ORFLS,  ORFFE,  and  FORDAP,  the 
staff  of  Birmingham  University  Computer  Centre  for  thfir 
assistance,  and  the  Office  of  Naval  Research,  Power  Branch, 
for  financial  support  (of  K.  O.  C.). 
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The  novel  HzPFc  anion  was  synthesized  in  the  form  of  its  K+  and  C»+  salts.  Both  compounds  are  wb:*e  stable  ootids 
decomposing  at  266  and  284  *C,  respectively.  Vibrational  and  l9F  NMR  spectroscopy  show  that  the  anion  has  a 
pscudooctahedrai  structure  with  the  hydrogen  ligands  in  traits  position.  All  ten  active  fundamentals  expected  for  symmetry 
D*h  were  observed  and  assigned.  A normal-coordinate  analysis  was  carried  out  sad  shows  that  HxPFr  contains  highly 
polar  PF  bonds. 


blitted 

During  the  synthesis  of  H2PF3  according  to  the  method1 
of  Holmes  and  Storey  we  observed  that  the  NaF,  used  for  the 
removal  of  the  HF  impurity,  formed  a labile  adduct  with 
H2PF3.  Whereas  numerous  alkyl-  or  aryl-substituted  fluo- 
, rophosphates  are  known,2-3  to  our  knowledge  no  reports  have 
| been  published  on  the  existence  of  the  corresponding  parent 
"compounds,  the  hydridofluorophosphates.  In  view  of  this  and 
the  general  interest  in  fluorine-substituted  phosphorus  com- 
pounds, it  seemed  interesting  to  synthesize  stable  hydrido- 


fluorophosphates. For  H2PF4  further  interest  was  added  by 
the  question  of  whether  the  two  hydrogen  ligands  are  in  ds 
or  in  trans  position. 

Experimental  Section 

Apparatus  and  Materials.  The  materials  used  ia  this  work  were 
manipulated  in  a weii-passivated  (with  CIF3)  304  stainleM  steel  vacuum 
line  equipped  with  Teflon  FEP  U-traps  tad  316  stainless  steel 
beliows-eeal  valves  (Hoke,  Inc,  4251  F4Y),  Pressures  were  measured 
with  a Heise  Bourdon  tube  type  gauge  (0-1500  nun  £0.1%).  Because 
of  the  rapid  hydrolytic  interaction  with  moisture,  ait  materials  were 
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handled  outside  of  the  vacuum  system  in  the  dry  nitrogen  atmosphere 
of  a glove  box. 

The  infrared  spectra  were  recorded  on  a Perkin-Elmer  Model  457 
spectrophotometer.  The  spectra  of  solids  at  room  temperature  were 
obtained  by  pressing  two  small  single-crystal  platelets  of  either  AgCl 
or  AgBr  to  a disk  in  a Wilks  minipellet  press.  The  powdered  sample 
was  placed  between  the  platelets  before  starting  the  pressing  operation. 
The  instrument  v/as  calibrated  by  comparison  with  standard  calibration 
points.* 

The  Raman  spectra  were  recorded  on  a Cary  Model  83  spec- 
trophotometer using  the  4880-A  exciting  line  and  a Claassen  filter5 
for  the  elimination  of  plasma  lines.  For  low-temperature  work  a Miller 
Harney  device*  was  used.  Glass  or  Teflon  FEP  capillaries  were  used 
ai  sample  tubes  in  the  transverse-viewing,  transverse-excitation 
technique.  Polarization  measurements  were  carried  out  according 
to  method  V1H  listed  by  Claassen  et  al.s 

The  **F  NMR  spectra  were  recorded  at  56.4  MHz  on  a Varian 
high-resolution  NMR  spectrometer  equipped  with  a variable- 
temperature  probe.  Chemical  shifts  were  determined  by  the  side-band 
technique  with  an  accuracy  of  ±1  ppm  relative  to  the  external  standard 
CFC1).  Teflon  FEP  liners  (Wilmad  Glas  Co.,)  inserted  into  glass 
NMR  tubes  were  used  as  sample  containers  and  CH3SOCH3  was 
used  as  a solvent. 

Debye-Scherrer  powder  patterns  were  taken  using  a GE  Model 
XRD-6  diffractometer  with  copper  Ka  radiation  and  a nickel  filter. 
Samples  were  sealed  in  quartz  capillaries  (~0.5-mm  o.d.). 

A Perki.i-Elrner  differential  scanning  calorimeter,  Model  DSC- 1 B, 
was  used  for  the  determination  of  the  thermal  stability  of  the 
compounds.  The  samples  were  crimp-sealed  in  aluminum  pans,  and 
heating  rates  of  IOa/min  were  used. 

Cesium  fluoride  and  KF  were  fused  in  a platinum  crucible  and 
powdered  in  a drybox  prior  to  use.  The  H2PF3  was  prepared  and 
purified  as  previously  described.1 

Synthesis  of  CsHjPts  and  KH2PF4.  Dry  KF  (2.27,  mmol)  was 
placed  into  a 10-mi  stainless  steel  cylinder  and  H2PF1  (3.13  mmol) 
was  added  at  - 196  °C.  The  cylinder  was  kept  at  -20  *C  for  2 days. 
Excess  H2PF3  was  removed  from  the  cylinder  by  pumping  for  several 
hours  at  room  temperature.  Based  on  the  weight  gain  of  the  solid 
2.19  mmol  of  H2PF3  was  complexed.  This  corresponded  to  a 96.5% 
conversion  of  the  KF  to  KH2PF4.  The  product  was  a white  powder. 
Anal.  Calcd  for  KHiPF*  K,  26.4;  P,  20.9.  Found;  K,  26.7;  P,  20.5. 

Similarly,  CsF  (2.51  mmol)  when  combined  with  H2PF]  (3.21 
mmol)  at  -20  °C  resulted  in  the  uptake  of  7.51  mmol  of  H2PF3 
correspond:  ig  to  a 1C0%  conversion  of  the  CsF  to  CSH2PF4.  The 
solid  product  was  slightly  off-white.  The  same  results  were  obtained 
on  combining  these  materials  at  room  temperature,  but  the  product 
had  a light  brown  color.  Anal.  Calcd  for  CSH2PF4:  Cs,  54.9;  P, 
12.8.  Found.  Cs,  55.0;  P,  12.6. 

The  NaF-H2PFj  System.  Sodium  fluoride  also  interacted  with 
excess  H2PF3  at  -20  °C  although  the  conversion  of  NaF  to  N1H2PF4 
was  considerably  lower  than  that  observed  for  KF  and  CsF.  After 
10  days  at  -20  "C  only  35%  of  the  NaF  had  been  converted  to 
NaH2PFs.  The  solid  product  slowly  evolved  H2PF3  on  standing  at 
ambient  temperature. 

Reudts  and  Dtocitmion 

Syntheses  and  Properties.  Alkali  metal  fluorides  interact 
with  H2PF3  with  adduct  formation.  Whereas  NaF  forms  an 
adduct  unstable  at  room  temperature,  both  KF  and  CsF  form 
with  excess  H2PF3  at  -20  °C  1:1  adducts  in  quantitative  yield. 
Both  KH2PF4  and  CSH2PF4  are  white  hygroscopic  solids, 
stable  at  room  temperature  and  according  to  DSC  data  un- 
dergo exothermic  decomposition  at  266  and  284  °C,  re- 
spectively. Since  simple  dissociation  of  the  adducts  to  alkali 
metal  fluorides  and  H2PF3  should  be  endothermic,  the  DSC 
results  that  the  thermal  decomposition  of  these  salts 

involved  HF  elimination  and  was  probably  accompanied  by 
alkali  metal  bifluoride  formation.  This  was  experimentally 
confirmed  when  CsFhPFx  was  subjected  to  careful  vacuum 
pyrolysis.  The  volatile  decomposition  products  were  trapped 
at  -196  *C  and  slter  wenn-up  to  room  temperature  consisted 
of  HF,  PF3.  Hj?F3,  and  a p«le  yellow  to  orange  nonvolatile 
solid.  This  solid  was  extremely  revive  and  pyrophoric,  and 
upon  hydrolysis  » gas  was  evolved  exhibiting  the  characteristic 
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Figure  t.  Two  possible  structural  models  of  H,PF4". 
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Figure  2.  '*F  NMR  spectrum  of  K‘H,PF4-  in  CH^SOCH, 
solution. 

smell  of  phosphine.  A full  characterization  of  this  solid  was 
beyond  the  scope  of  the  present  study,  but  the  obeervui 
properties  strongly  suggest  an  associated  species  containing 
PP  bonds.  The  H2PF4-  salts  are  highly  soluble  in  CH3SOCH3 
and  moderately  soluble  in  CH3CN.  Attempts  to  obtain  their 
x-ray  powder  diffraction  patterns  in  quartz  capillaries  were 
unsuccessful  owing  to  chemical  attack  of  the  capillaries.  The 
only  patterns  observable  were  those  of  the  corresponding  SiF*2~ 
salts. 

The  relatively  high  thermal  stability  of  these  HzPFs-  salts 
and  their  relative  ease  of  formation  are  surprising  in  view  of 
previous  reports.2  Thus,  CsF  did  not  form  adducts  with  di- 
alkyltrifluorophosphoranes  and  the  (CH3)2PF4~  anion  could 
only  be  prepared  from  (CH3)zPF3  and  (CH3)3SiN— PR3.  The 
stability  of  the  resulting  salt  was  attributed  to  the  stabilizing 
effect  of  the  bulky  and  resonance-stabilized  [(CH3)iP- 
(N-"PR3)z]+  cation. 

PoasUrie  Sfewctares  of  H2PF4-.  The  hydrogen  ligands  in 
H2PF4-  could  be  in  either  cis  or  tram  position.  A priori,  it 
is  difficult  to  predict  which  of  the  two  isomers  is  more  likely. 
Whereas  in  (CH3)2PF4~  and  (CFslaPFs-  the  two  methyl 
ligands  are  trans,2-3  the  oxygen  ligands  in  IO2F4'  7>*  and 
Te02F42'  *-n  are  cis.  For  TeF4(OH)2~,  >».»*  TeF4(OC- 
H3)2,9>13  and  TaFsCD'  14  both  the  cis  and  the  trana  isomer 
were  observed. 

As  can  be  seen  from  Figure  1,  the  trans  isomer  of  H2PF4' 
has  higher  symmetry  than  the  ds  isomer,  and  therefore,  NMR 
and  vibrational  spectroscopy  should  readily  distinguish  between 
these  two  stereoisomers. 

'»F  NMR  Spectra.  The  *’F  NMR  spectra  of  KH1PF4  and 
CSH2PF4  in  CH3SOCH3  solution  were  recorded.  They 
consisted  of  a well-resolved  doublet  of  triplets  (see  Figure  2). 
The  observed  chemical  shifts  and  coupling  constants  are  listed 
in  Table  I. 

The  trans  isomer  contains  four  equivalent  fluorine  and  two 
equivalent  hydrogen  atoms.  Therefore,  the  l9F  resonance 
should  consist  of  a doublet  of  triplets  owing  to  P-F  and  H-F 
spin-spin  coupling,  respectively.  For  the  cis  Isomer  two 
doublets  of  triplets  would  be  expected  owing  to  the  presence 
of  two  nonequivalent  pain  of  fluorines.  The  observed  spectrum 
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Table  I.  ”F  NMR  Spectral  Osta  for  H,PF4‘  in  CH.SOCH, 
Solution  Compared  to  Those  of  Related  Phosphorus  Fluorides 


Compd 

6.  Ppm 

/pp,  Hz 

/HF*  Hz 

KH,PF, 

49.1 

799.3 

119.8 

CsH,PF4 

47.6 

798.7 

120.8 

PF,’* 

73 

715 

(CHs),PF4-° 

20.9 

8S6 

HPF,i> 

49.6 

892 

(91)c 

HjPF,6 

48.0 

860 

(80)c 

° Data  from  rof  2.  b Data  from  ref  1 ; the  6 values  are  the  'lot** 

average  of  rapidly  exchanging  equatorial  and  axial  fluorines. 
c These  values  were  taken  from  tlie  proton  spectrum;  they  were 
not  observed  in  the  '*F  spectrum  owing  to  the  great  line  width  of  111,11 

the  signals  caused  by  the  rapid  exchange  of  the  equatorial  and 

axial  fluorine  Inlands.  «‘*V 

agrees  with  the  predictions  for  the  trans  isomer  and  the  ob- 
served chemical  shift  and  coupling  constants  agree  well  with 
those1 2 of  the  related  phosphorus  fluorides  listed  in  Table  I.  1 6 

Vibrational  Spectra.  The  vibrational  spectra  of  KH)PF<  | 
and  CSH2PF4  provide  additional  proof  for  H2PF4"  possessing  | 
the  trans  configuration.  The  observed  spectra  are  shown  in  * 

Figure  3.  The  Raman  spectra  of  CsFhPFt  were  also  recorded 
but  are  not  shown  in  the  figure  owing  to  their  similarity  to 
those  of  KH2PF4.  The  observed  frequencies  are  listed  in  Table 
11.  Although  no  laser-induced  photodecomposition  of  the 
samples  was  observed  at  25  °C  using  the  4880-A  exciting  line, 
some  of  the  Raman  spectra  were  recorded  at  lower  temper- 
ature  to  improve  the  resolution  of  the  spectra. 

For  the  trans  isomer  of  symmetry  04*  a total  of  1 1 fun-  p,_  3 

damentals  are  expected.  These  are  classified  as  2 Aig  4-  2 A2u  UneMUcai 

4-  Big  + B2*  + B2u  + Eg  + 3 Eu.  Since  the  ion  has  a center  B and  C,  sc 
of  symmetry,  the  infrared-active  bands  should  be  inactive  in  CsH,PF4;  1 
the  Raman  spectrum,  and  vice  versa.  The  B2u  mode  should  solution;  p 
be  inactive  in  both  the  infrared  and  the  Raman  spectra. 

Consequently,  we  would  expect  five  infrared-active  and  five  “Ud  KH,P 
Raman-active  fundamentals  following  the  principle  of  mutual  should  be 
exclusion.  Of  the  five  Raman-active  fundamentals,  two  should  Raman  a 
be  polarized.  As  can 

For  the  cis  isomer  of  symmetry  C2c  a total  of  15  funda-  furtdamen 

mentals  are  expected  which  are  classified  as  6 Ai  4-  2 A2  4-  by  Fermi 

4 Bi  4-  3 B2.  Of  these,  the  Ai,  Bi,  and  B2  modes  (total  of  13)  and  five  a 
Table  11.  Vibrational  Spectra  of  KH,PF„  and  CiH,PF,  and  Their  Assignment 

Obsd  freq,  cm’1,  and  Intent* 

KH,PF4  CsH,PF4 

lr  Raman  Raman 


Figure  3.  Vibrational  spectra  of  KH,PF4  as  AgCI  disk;  the  dallied 
line  indicates  absorption  caused  by  the  window  material:  traces 
B and  C,  solution  spectra;  trace  D,  infrared  spectrum  of  solid 
CsH,PF4;  trace  Et  Raman  spectrum  of  KH,PF4  10  011,80011, 
solution;  p,  dp,  and  S indicate  polarized  and  depolarized  binds 
and  spectral  slit  width,  respectively;  trace  F,  Raman  spectrum  of 
solid  KH,PF4  recorded  at  -90  °C. 

should  be  infrared  active.  All  15  fundamentals  should  be 
Raman  active  and  6 of  these  should  be  polarized. 

As  can  be  seen  from  Figure  3 and  Table  II  a total  of  10 
fundamentals  were  observed,  if  we  ignore  the  splittings  caused 
by  Fermi  resonance  (see  below).  Of  these,  five  are  infrared 
and  five  are  Raman  active,  and  they  are  mutually  exclusive. 


(CH,),SO 
so  In 


1253  $ 1 
1171  ml 


1236  s 1 
1202  ml 


937  m 
840  sh 

700  vs,  br  701  vs** 
608  s 609 


Solid 

<CH,),SO 
sc  In 

Ir 

Solid 

Solid 

2495 s» 
2380  if 

2517(0.7) 

| 2469  (0.4)  p 

2505  (0.9) 

2453(1.5) 

I 2413(1.0)  p 

1 

2440  (1.5) 

2377  (4.9) 

1 2319  (6.0)  p 

1251 s 1 
1178m  f 

2341  (5.1) 

1217(6.7) 

1204  (4.0)  dp 

939  m 

845  th 

700  vs,  br 
610  s 

1212(5.9) 

575(10) 

582  (10)  p 

576(10) 

495  (2.8) 

495  (2.1)  dp 

496  (2.6) 

394  (X.4) 

c 

355  m 

397(1.6) 

(CH,),SO 
so  In 


Assignment  in  point 
group,  Dih 

Vj(Aju),  + 

MA|«  + A,u  + 


Approx  description 
of  vib 

Antisym  PH,  sir 


2470  2v,(A„  + A,g  + 

B,g  4 Big) 

2416(1)  2v,(Alg  + A„  + 

®ig  + B.«) 

2319  (6)p  v,  (A,») 
v,(Eu) 

»t  + •'i.(Eu) 
1206  (4)  dp  s-i(Eg) 

v,  + ^.(Eu) 
v,  + 

v«(A,u) 

582  (10)  p v,(A|g) 

496  (2)  dp 


v»(B,g) 
v,  i(Eu) 


Sym  PH,  sir 
t idas  PH, 

£ wag  PH, 


Antisym  PF4  str 
£ umbrella  PF4 
Sym  in-phase  PF4  str 
Sym  out-of-phaaa 
PF,  sir 

£ sym  ln-phme  PF4 
£ nntitym  in-plane 
PF4 


* Uncor reeled  Raman  intensities.  b Braces  indicate  Fermi  resonance.  * Band  obscured  by  solvent  band.  d Recorded  for  CH,CN  solution. 
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Table  III.  Vibrational  Frequencies  (cm'1)  of  the  Modes  Involving  the  Square-Planar  PF4  Part  of  H,PF4"  Compared  to  Those  of  Similar 
Molecules  and  Ions 


Approx  description 
of  XF4  mode 

PF 

SF,0"  6 

h,pf4- 

C1F,° 

SF,C 

ClF4'd 

cif4o-  * 

Amisym  str 

840 

785 

701 

732 

590 

590 

578 

Sym  in-phase  str 

735 

697 

582 

538 

522 

505 

456 

Sym  out-of-phase  str 

563 

541 

495 

480 

435 

417 

345 

Umbrella  def 

555 

$06 

609 

495 

466 

425 

339 

Sym  in-plane  def 

462 

452 

394 

375 

342 

288 

283 

Aniisym  in-plane  def 

325 

355 

296 

241 

204 

0 Reference  17.  6 Reference  16. 

c Reference  15. 

d Reference  18.  * Reference  19. 

Furthermore,  two  of  the  observed  Raman  bands  are  polarized. 
These  data  convincingly  show  that  H2PF4  possesses  symmetry 
Dai,. 

The  assignments  for  H2PF4-  (see  Table  II)  were  made  on 
the  following  basis.  The  two  polarized  Raman  bands  must 
represent  the  Aig  modes  with  the  higher  frequency  one  being 
the  symmetric  PH2  and  the  lower  frequency  one  being  the 
symmetric  in-phase  PF4  stretch.  The  observation  of  three 
Raman  bands  in  the  region  of  the  symmetric  PH2  stretch  can 
readily  be  explained  by  Fermi  resonance  between  this  mode 
and  the  combination  bands  2vs  and  2*9. 

The  remaining  three  Raman  bands  are  due  to  the  PH2  wag, 
the  symmetric  out-of-phase  PFs  stretch,  and  the  symmetric 
in-plane  PF4  deformation,  respectively.  Their  frequencies 
should  decrease  in  this  order  and,  therefore,  their  assignment 
is  straightforward. 

Of  the  five  infrared-active  bands,  the  antisymmetric  PH2 
stretch  should  have  the  highest  frequency  and  is  assigned  to 
the  bands  in  the  2400-crr1  region.  The  observed  splitting  into 
two  bands  is  caused  by  Fermi  resonance  with  the  combination 
band  vi  + *9.  The  PH2  scissoring  mode  should  occur  at  a 
significantly  higher  frequency  than  those  of  the  PFs  group 
modes  and,  hence,  is  assigned  to  the  strong  band  at  about  1210 
cm*1.  Again,  a splitting  is  observed  owing  to  Fermi  resonance 
with  vs  + *10. 

The  remaining  three  infrared-active  modes  are  the  anti- 
symmetric PF4  stretch,  the  umbrella  PF4  deformation,  and 
the  antisymmetric  in-plane  PF4  deformation.  The  frequencies 
and  the  relative  intensities  of  these  three  fundamentals  should 
decrease  in  this  order.  The  observed  bands  are  in  excellent 
agreement  with  these  predictions  and  allow  their  unambiguous 
assignment. 

In  the  infrared  spectra  of  the  solids  the  antisymmetric  PF4 
stretch  results  in  an  extremely  broad  band,  a feature 
characteristic*'12  for  many  square-planar  XF4  groups.  In  order 
accurately  to  locate  the  band  center  and  to  confirm  the 
presence  of  a single  fundamental  in  this  frequency  region, 
solution  spectra  were  recorded.  As  shown  by  insert  C of  Figure 
3,  the  solution  spectrum  shows  a single  sharp  band  at  701  cm-1. 
The  solution  spectra  also  confirm  that  the  splittings  observed 
for  the  solids  for  several  bands  are  due  to  Fermi  resonance  and 
are  not  caused  by  solid-state  effects,  since  they  are  also  present 
in  the  solution  spectra.  Whereas  the  solid-state  spectra  show 
no  significant  deviations  from  the  selection  rules  for  point 
group  DaH,  significant  frequency  shifts  were  observed  for 
several  bands  on  going  from  the  solid  state  to  the  solutions. 
These  shifts  were  mast  pronounced  for  fundamentals  involving 
the  PH2  group.  Furthermore,  the  frequency  separation  of  some 
of  the  Fermi  resonance  components  in  the  solution  spectra 
significantly  differs  from  those  observed  for  the  solid,  thus 
allowing  a somewhat  better  estimate  of  the  unperturbed 
frequencies. 

Comparison  of  the  frequencies  of  the  modes  involving  the 
square-planar  PF4  part  of  H2PF4'  with  those  of  similar 
square-planar  XF4  groups  in  related  molecules  and  ions  (see 
Table  III),15'19  shows  excellent  agreement.  The  observed 
frequency  trends  are  as  expected  for  the  in-plane  modes  and 


H 


H 


Table  IV.  Symmetry  Coordinate*"  for  H,PF4' 


A„ 

S, 

(1  /2'/j)(aR,  + OR,) 

S , 

(l/2)(Ar,  + Ar,  + Ar,  + Or.) 

Sr, 

<l/2)(Aa,  + Aa,  + Aa,  + Aa„) 

Sn 

<l/S'n)(.Aff,  + A0,  + A/I,  + Afi,  + A0,  + A0.  + 

AJ3,  + A0.) 

Aju 

s. 

(1/2,/>)(a/?1  - A R,) 

(1/81,2)(A/J,  + A^j  + A£,  + A0„  - Afs,  - A04  — 

s. 

Afi,  - A0.) 

s, 

(l/2)(Ar,  - Ar,  + Ar,  + A r.) 

Sn 

(l/8,,’)(Afi,  — At?,  + A0j  — Afi.  + A0t  — A0,  + 

A07  - Afi,) 

®>g 

s 4 

(l/2)(Aa,  - Aa,  + Aa,  - Aa.) 

s. 

(1/8‘'J)(A0,  - A0,  + A0,  - A*  - Afi.  + Afi.  - 

Ah,  + Afi.) 

Ef 

s*. 

(1/2KAA,  - Ad,  + Afi,~  i 

s>. 

(1/2HA0,  - Afi.  + Afi,  - Afi., 

Eu 

sx. 

(1/2)(A0,  - Afi,  + Afi.  - Afi,) 

(l/2,,2)(Ar,  - AT,) 

(1/2)(A a,  - Aa,  - A a,  4-  Aa,) 

S», 

(1/2)(A0,  - ajj4  +aa4- a p.) 

S’,, 

(l/2,,,)<Ar,  - Ar4) 

S’,, 

(l/2)(Aa,  + Aa,  - Ac,  - Aa4) 

•sn. 

Srt , and  Srt  are  the  redundant  coordinates. 

confirm  the  above  assignments.  The  somewhat  high-frequency 
value  of  the  PF4  umbrella  deformation  in  H2PF4'  may  be 
caused  by  the  two  axial  hydrogen  ligands.  Since  no  similar 

compounds  are  known,  it  is  impossible  to  judge  whether  this 
frequency  increase  for  the  umbrella  deformation  is  charac- 


teristic for  H2XF4  species  or  not.  The  frequencies  of  the  PH2 
modes  are  similar  to  thos : observed  for  other  PH  compounds, 
such  as  . Hj,  PH4+10  H2PF3,  and  HPF4.20 

Nora  ii  Cocrihsh  laafyiii  A normal-coordinate  analysis 
of  H2PF4-  was  carried  out.  The  definition  of  the  structural 
parameters  is  shown  in  Figure  4.  The  bond  lengths  were 
estimated  to  be  KPF)  * 1.60  A and  R(PH)  • 1.40  A by 
comparison  with  similar  molecules  and  ions.  All  bond  angles 
were  assumed  to  be  90°  as  required  for  Dam.  The  symmetry 
coordinates  used  for  H2PF4"  are  given  in  Table  IV.  The  C 
matrix  and  Z transformation  were  evaluated  numerically.21 
The  correctness  of  this  transformation  was  verified  by  showing 
that  the  G matrix  and  Z transformation  were  the  direct  sum 
of  each  symmetry  block  and  that  the  frequencies  computed 
ignoring  symmetry  were  the  same  after  the  symmetry  , 
transformation  was  made.  Only  those  F matrix  elements 
regarded  as  more  important  were  considered  and  the  analytical 
F matrix  is  shown  in  Table  V.  For  the  computation  of  the 
force  constants,  the  frequency  values  of  the  free  H2PF«"  ion. 


Figure  4.  Definition  of  structural  parameter*  of  H,PF4". 
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Table  V.  Obaerved  FrequsadM  (cm'1),  Symmetry,  Some  Internal  Force  Constants,"**  and  Potential  Energy  Distribution*  of  H,PF,' 


F 


PE D 


Freq 


^.i.u  “0 


A>« 

Allt 

;■« 

BaU 

& 


»,  2322  F„ 

v,  582  F„ 
v,  2390  h\, 
v,  609  /•’„ 
v,  495  F„ 
r,  394  l\, 

*N  F», 

v.  1205  F„ 
v,  1232  F„ 

Ml0  /01  F,gjg 

•'ll  355 

^H,ll 

)r 

Irk 

U 

Irr 


ft  +/^5  - / jjr  + - //v*”  - V/Sd"" 

fa  ~ 2/aa  + /oar' 

fl+fm-ftf-  Vfifi"  ~ + Vfffi"" 

fy-te-fu'  +/&" 

fp-fpt+fi 


'Hr 


3.201  10QP1,, 

3.790  100Fn 

3.174  !00F„ 

1.615  100F* 

2.742 

1.112 

0.812 

0.814  0.811  97F„ 


2.864  Z153  107 F„  „ - 

1 9Flt%„  + 9F „ „ 
1.176  1.430  100 Flt,  „ 

as60  o 

3.188 

0.014 

3.065  2.710 

a262 

0,201  ass? 


M^II,H  + 23F,,4|, 
23FU,„  + 77F11<U 


* Stretching  constants  in  mdyn/A,  deformation  constants  in  mdyn  A/radian \ and  stretch-bend  interaction  constants  in  mdyn/radian.  b fn 
and  f„‘  are  the  interactions  between  perpendicular  and  collinear  PF  bonds,  respectively and  are  the  interactions  between  angles 
having  a common  and  no  common  fluorine  atom,  respectively ;/<»,  /m\  fps".  fpfi‘"<  miffip""  are  the  interactions  between  angles  being 
coplanar  with  a summon  H,  coplanar  with  a common  F,  perpendicular  with  a common  H,  coplanar  without  a common  atom,  and 
perpendicular  without  a common  atom,  respectively;  fro  to  the  interaction  between  a PF  stretch  and  at  having  a common  F.  F matrix 
elements  considered  less  important  were  omitted.  * Contributions  of  leu  than  5%  are  not  listed. 


i.e.,  the  solution  values,  were  used  (see  Table  V),  after  applying 
small  frequency  corrections  to  the  modes  disturbed  by  Fermi 
resonance. 

The  computed  force  constants  are  shown  in  Table  V. 
Whereas  the  values  obtained  for  the  Big,  B2g,  and  Eg  block 
are  unique,  the  remaining  blocks  are  underde terminal.  In  the 
Atg  block,  the  Cm  element  equals  zero.  Therefore,  the  Fn 
term  can  be  neglected,  and  Fn  and  Fn  should  be  close  ap- 
proximations to  a general  valence  force  field.  In  the  Abi  block, 
we  have  only  one  stretching  and  one  deformation  vibration  of 
very  different  frequency.  Coupling  between  these  two  modes 
is  expected  to  be  small  and,  hence,  Fm  was  assumed  to  be  zero. 
This  choice  is  supported  by  the  potential  energy  distribution 
(see  Table  V)  which  shows  both  fundamentals  to  be  100% 
characteristic. 

For  the  remaining  Eu  block,  the  interaction  term  Fio.i  i was 
found  to  strongly  influence  the  values  of  Fio.io  and  Fuji. 
Consequently,  we  have  computed  Fw,  Fio.io,  and  Fi  i.u  as  a 
function  of  Fio.i  i.  The  important  sections  of  the  resulting  force 
constant  ellipses  are  shown  in  Figure  5.  It  has  previously  been 
shown22  that  the  most  probable  range  for  Fxy  is  limited  by  the 
extremal  values  Fyy  and  Fxy  * minimum.  These  limits  suggest 
uncertainties  of  about  ±0.2  mdyn/A  for  fr  and  fn  and  of  about 
±0.1  mdyn/A  for /„.  However,  the  general  valence  force  field 
is  probably  closer  to  the  Fio.ii  3 mimimum  solution  and 
therefore,  values  such  as  fr  * 2.97  ±0.10  and  fn  m 0.36  ± 
0.10  mdyn/A  seem  more  realistic. 

A summary  of  the  computed  force  constants  and  the  po- 
tential energy  distribution  are  listed  in  Table  V.  As  can  be 
seen  all  fundamentals  are  highly  characteristic.  The  most 
interesting  internal  force  constants  of  HiPFs-  are  the  PF  and 
the  PH  stretching  constants  since  they  are  a measure  for  the 
relative  bond  strength  of  these  bonds. 

The  value  of  the  PH  stretching  force  constant/*  (3.19 
mdyn/A)  of  H2PF4'  is  in  excellent  agreement  with  those  of 
3.19  and  3.10  mdyn/A  found10  for  PH*+  and  PHj,  respec- 
tively. This  indicates  that  the  PH  bonds  in  HjPFr  are  highly 
covalent  with  a bond  order  of  approximately  1. 

Contrary  to  the  PH  bonds,  the  PF  stretching  force  constant 
fr  (2.97  mdyn/A)  of  H2PF4'  has  a surprisingly  low  value  when 
compared  to  those  of  4.39  and  5.21  mdyn/A  previously  re- 
ported for  PF*  23  and  PF3,17  respectively.  The  low  value  of 


Figure  5.  Force  constant  ellipses  for  the  Eu  block  of  H,PF,‘. 

The  values  of  the  diagonal  symmetry  force  constants  are  given  as  a 
function  of  Flu  ll. 

fr  in  H2PF4~  indicates  highly  polar  PF  bonds  with  a bond  order 
closer  to  0.5  than  to  1.  Obviously,  the  negative  charge  in 
H2PF4"  resides  mainly  on  the  highly  electronegative  fluorine 
ligands.  A bonding  scheme,  similar  to  that  previously  invoked 
for  the  square-planar  HalFs'  anions,1*.2425  might  also  be 
applicable  to  the  square-planar  PFs  part  of  H2PF4'.  Both 
types  of  anions  are  structurally  closely  related.  In  HalF4~  the 
two  axial  positions  are  occupied  by  two  free  valence  electron 
pairs,  whereas  in  H2PF4-  they  are  occupied  by  two  hydrogen 
ligands  which  readily  release  electron  density  to  the  PFs  part 
of  the  anion. 

Guswrai  Considerations.  The  limited  number  of  known 
examples  of  pseudooctahedral  AF4X2  species  indicates  that 
the  nature  of  the  X ligand  determines  which  stereoisomer  is 
preferred.  If  X is  a free  valence  electron  pair1**24-*  or  a group 
of  low  electronegativity,  such  as  H or  CHs,2  the  trans  isomer 
is  preferred,  but  if  X is  multiply  bonded  oxygen,7*11  the  cis 
isomer  is  preferred.  If  X is  of  intermediate  electronegativity, 
such  as  OH,  OCH3,  Cl,  Br,  etc.,9*1 1-14  both  the  cis  and  the 
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trtns  isomers  have  been  observed.  An  attempt  will  be  made 
to  rationalize  these  observations. 

For  X being  a free-valent*  electron  pair,  the  preference  for 
the  trans  isomer  can  be  explained  by  the  fact  the  two  free- 
vaience  electron  pairs  seek  high  s character,27  i.e.,  form  a linear 
sp  hybrid.  This  results  in  strong  contributions  from  semiionic 
three  center-four  electron  bonds2*'30  to  the  AFs  part.  Since 
the  3c-4c  bonds  involve  a single  p orbital  of  the  central  atom 
for  the  bonding  of  two  F ligands,  the  resulting  F-A-F  group 
must  possess  an  approximately  linear  configuration.  Since  a 
linear  X -A-X  and  two  linear  F-A-F  groups  are  possible  only 
for  the  trans  isomer,  this  should  be  the  preferred  configuration 

The  trans  configuration  of  H2PF4'  can  be  rationalized  by 
both  the  3c-4e  bond  model  and  intramolecular  attractive  forces 
between  the  H and  the  F ligands.  The  latter  rationale  is  based 
on  the  assumption  that  the  negatively  polarized  fluorine  ligands 
are  attracted  by  the  positively  polarized  hydrogen  ligands.  In 
the  trans  isomer,  each  H possesses  four  closest  F neighbors, 
and  each  F has  two  closest  H neighbors.  In  the  cis  isomer, 
however,  each  H possesses  only  three  closest  F neighbors,  and 
two  of  the  fluorines  possess  only  one  closest  H neighbor. 
Therefore,  the  trans  isomer  is  expected  to  be  energetically 
favored  over  the  cis  isomer. 

If  X is  oxygen,  the  more  electronegative  fluorine  ligands  tend 
to  polarize  the  X-O  bonds.  This  results  in  an  increased  bond 
order  of  the  X-O  bonds  according  to 

":0-X-F  *•  .0=X  F‘ 

and 

;p=X-F«4:OaX  F* 

and  allows  the  shifting  of  a formal  negative  charge  from  the 
less  electronegative  oxygen  ligand  to  the  more  electronegative 
fluorine  ligand.  Molecular  orbital  following  arguments  favor 
this  kind  of  resonance  for  linear  F-A-O  groups.  However, 
these  are  only  possible  for  the  cis  isomer. 

For  singly  bonded  ligands  of  intermediate  electronegativity, 
such  as  OH,  OCH3,  Cl,  Br,  etc.,  both  cis  and  trans  isomers 
have  been  observed.9-1 1-14  This  indicates  that  other  factors, 
such  as  steric  effects  or  the  nature  of  the  formation  reaction 


mechanism,  become  more  important.  Consequently,  pre- 
dictions of  the  expected  steieoisomer  will  be  considerably  more 
difficult  for  these  ligands. 
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SHORT  COMMUNICATION 

I bp  roved  Syntheses  of  NF^BF^  and  NF^SbF^ 

Karl  0.  Christa,  Carl  J.  Schack,  and  Richard  D.  Wilson 

Rocketdype,  a Division  of  Rockwall  International, 
Canoga  Park,  California  91304 


In  view  of  the  importance  of  NF^*  salts  for  solid  propallant  NPj-F^ 
gas  generators  [1],  improved  syntheses  of  NF^BF^  and  NF^SbF^  were  required. 

Two  methods  have  previously  been  reported  for  the  synthesis  of  NF^SbFg- 
xSbFj  involving  the  use  of  either  high  pressure  and  temperature  [2,3]  or  uv- 
irradiation  [4].  Of  these,  the  thermal  method  is  more  convenient  for  larger 
scale  production.  According  to  Tolberg  et  al.  [2,3]  the  most  favorable  reac- 
tion conditions  are: 

w5  ♦ h * sws  Sr  w» 

2 days 

“Wld  NF4SbF6  ♦ 2SbFs 

2-3  days 

The  resulting  product  contained  an  appreciable  amount  of  Monel  salts  and  was 
removed  from  the  reactor  by  cutting  it  open  with  a hacksaw  and  scraping  out 
the  hard  clinkered  product.  Based  on  recent  work  done  in  our  laboratory  [1], 
temperatures  (250-260*),  higher  than  those  reported  by  Tolberg,  are  required 
for  the  vacuus  pyrolysis  of  NF^SbF^-xSbFj  to  NF^SbF^  within  a reasonable 
time  period. 

We  have  now  found  that  most  of  the  drawbacks  of  the  above  procedure 
can  be  avoided  by  directly  synthesizing  NF^SbF^.  For  this  purpose,  NFj,  Fj, 
and  SbFg  in  a 2:2:1  mol  ratio  are  heated  in  a Monel  cylinder  to  250*  for  72 
hours,  the  size  of  the  cylinder  is  chosen  in  such  manner  that  at  the  complo- 
tion  of  the  reaction  the  autogenous  pressure  is  about  70  atm.  The  excess  of 
NFj  and  F2  is  removed  under  vacuum  at  room  temperature  and  the  desired  NF^SbF^ 
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V , 

product  is  extracted  from  the  Monel  cylinder  with  anhydrous  HF  using  about 
SO  ml  of  liquid  HF  per  100  g of  HF^SbF^.  Since,  contrary  to  a previous  report 
[3],  the  formed  Monel  salt  impurities  (about  5%)  are  quite  insoluble  in 
anhydrous  HF,  they  can  be  easily  removed  from  the  product  by  incorporating 
a porous  Teflon  filter  (Pall  Corporation)  into  the  KF  solution  transfer  line.  \ 

Based  on  elemental  and  spectroscopic  analyses  and  the  observed  material 
balances,  the  resulting  product  was  shown  to  be  essentially  pure  MF^SbF^. 

Several  methods  have  previously  been  reported  for  the  synthesis  of 
NF^BFj.  This  salt  can  be  prepared  either  directly  from  NFJf  Fj,  and  BF}  using 
glow  discharge  [5,6],  bremsstrahlung  [7]  or  ultraviolet  radiation  [4,8],  or 
indirectly  from  NF^SbF^  using  a metathetical  process  [3,3].  Of  these,  the 
meiathetical  process  is  most  amenable  to  the  larger  scale  production  of 
NF4BF4  utilizing  existing  technology.  The  original  metathetical  NF^BF^ 
process  [3]  involved  the  following  steps: 

CsF  + HF  — CsHFj 

NF4SbF6  ♦ CsHf 2 ■ ■^F—  CsSbFj  ♦ NF^HFj 

NF4HF2  ♦ BFj— ^ NF4BF4  ♦ HF 

Since  the  crude  product,  thus  obtained,  contained  much  CsSbFj,  its  NF4BF4 
content  was  increased  by  extraction  with  BrFg.  The  use  of  BrF,.  resulted  in 
the  following  side  reaction: 

BrF 

NF4BF4  ♦ CsSbFj  — — . CsBF4|  + NF4SbF6 

The  composition  of  the  final  product  was  reported  [3]  to  be:  91.5%  NF4BF4 
and  8.5%  NF^bF^.  In  addition  to  the  requirement  of  BrFg  as  a recrystalli- 
zation solvent,  this  process  suffers  from  tho  following  disadvantage.  Highly 
concentrated  solutions  of  NF4HF2  in  HF  are  unstable  decomposing  to  NFj,  F^, 
and  HF.  This  can  cause  a pressure  build  up  in  the  metathesis  apparatus 
which  in  turn  can  render  filtration  steps  more  difficult. 

This  process  was  somewhat  improved  upon  [9]  by  substituting  CsF  by  AgF. 

This  modification  eliminated  the  BrFg  extraction  step  and  resulted  in  a pro- 
j duct  of  the  composition  (mol  %):  NF4BF4  (B9),  NF4Sb2Fn  (7.9),  AgBF4  (3.1). 

| However,  the  process  still  involved  the  handling  of  concentrated  NF4HFj 

) solutions.  Furthermore,  the  cost  of  silver  salts  is  rather  high  and  therefore 

1 requires  their  recycling  in  high  yields. 

> be  have  now  found  that  NF4BF4  of  at  least  97  mol  % purity  can  be  pre- 

< pared  by  a simpler  proceas  using  anhydrous  HF  at  different  temperatures  ss 

; the  only  solvent.  Furthermore,  we  have  shown  that  the  purity  of  the  NF4BF4 
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can  be  railed  to  above  99  mol  % by  a tingle  recrystallization  from  BrF^ . 

The  cesiua  content  In  both  products  was  shown  to  be  less  than  0.1  sol  %,  the 
principal  impurity  being  NF^SbF^. 

Our  improved  process  consists  of  the  following  steps: 

HP 

; CsBF4  ^ 1.1  NP4SbF6-j^— ^ CsSbF6j  ♦ NF4BF4  ♦ 0.1  NP4SbF6 

NF4BF4  ♦ 0.1  NF4SbF6 — — fr0C  KF‘  MF4BF4j  ♦ mother  liquor 

C97  a %) 

NF4BF4  recry st-<frt*  Br?S  , KF4BF4|  + mother  liquor 
25  (99+  ■ %) 

The  important  features  of  our  process  are: 

(i)  The  use  of  CsBF4  instead  of  CsHF^  eliainates  one  step  and  avoids 
the  complications  caused  by  NF^F^. 

CH'J  The  use  of  a 10  mol  % excess  of  ^SbF^  decreases  the  solubility  of 
CsSbFg  by  the  common  ion  effect. 

(ill)  Carrying  out  the  CsSbFg  filtration  step  at  -78°  decreases  the  SbF~ 
concentration  since  the  solubilities  of  SbF~  salts  in  anhydrous  HF 
decrease  with  decreasing  temperature  snbch  more  rapidly  than  those  of 
BF~  salts.  Furthermore,  the  amount  of  NF4BF4>  retained  in  the  CsSbF6 
filter  cake  by  absorption  of  a certain  volume  of  mother  liquor,  is 
minimized  owing  to  the  decreased  solubilities. 

(iv)  Since  NF4BF4  and  NF4SbF6  have  comparable  solubilities  in  HF  at  room 
temperature,  the  lOt  excess  of  NF4SbF6  used  in  the  CsSbFg  precipi- 
tation step  can  be  removed  as  mother  liquor  by  recrystallization 
from  HF  at  room  temperature.  Unfortunately,  the  solubilities  in 
HF  at  room  temperature  are  so  high  that  a significant  percentage  of 
the  mother  liquor  is  retained  by  the  NF4BF4  precipitate.  This  pro- 
blem can  be  minimized  by  using  for  this  recrystallization  a solvent 
in  which  these  NF*  salts  are  less  souble.  Thus,  a single  re- 
crystallization  from  BrFg  raised  the  product  purity  above  the 
99  mol  t level.  Other  suitable  solvents  could  be  used  to 
replace  BrF^  in  this  step.  The  mother  liquors  of  the  recrystalli- 

zation  steps  can  be  easily  recycled  into  the  CsSbF.  precipitation 

♦ ° 

step,  thus  avoiding  the  loss  of  any  NF4  values. 

In  s usury,  the  combination  of  the  two  improved  processes  for  the 
syntheses  of  NF4SbF^  and  NF4BF4,  respectively,  results  in  a relatively 
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simple  and  a co noad cal  process  for  the  production  of  NF^BF^  in  a purity  of 
about  97  sol  %.  Furtherssv*.  it  was  demonstrated  for  the  fir  at  time  that 
high  purity  (99+  aol  %)  NF^BF^  con  bo  prepared  by  aetathesis. 
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Perfluoroammonium  salts  are  known1  of  the  following 
anions:  PF6~,  AsF6~,  SbF6  , SbF4-«SbFs",  BF4,  GeF}',  and 
GeF42".  Very  recently,  the  synthesis  and  chemistry  of  NF4+ 
salts  have  received  considerable  attention  owi  jg  to  their 
potential  for  solid  propellant  NF3-F2  gas  generators  for 
chemical  DF  lasers.  The  concept  of  such  a gas  generator  was 
conceived2  and  to  a large  extent  developed  at  Rocketdyne. 
Originally,  the  fluorine  gas  generators  were  aimed  at  the  direct 
generation  of  F atoms  by  burning  a highly  overoxidized  grain, 
consisting  mainly  of  an  NF4+  salt,  with  a small  amount  of  fuel, 
such  as  Teflon  powder,  according  to 

NF4MF,  + (CFj)„  - CF4  + NF,  + MF,  + Q 
NF4MF,  iS  NF,  + F,  + MF, 

2NF,  + F,  — * N,  + 8F- 

The  heat  of  reaction  (Q)  generated  in  such  a system  is  suf- 
ficient to  pyrolyze  the  remaining  NF4MF4  and  to  dissociate 
most  of  the  NFj  and  F2  to  F atoms.  For  an  NF,-F2  gas 
generator,  the  underlying  principle  is  quite  similar,  except  for 
keeping  the  burning  temperature  lower  since  dissociation  of 
NFj  and  F2  to  F atoms  is  not  required. 

In  view  of  the  above  developments,  we  were  interested  in 
the  synthesis  of  new  NF4+  salts  and  in  the  characterization 
of  new  and  known  NF/  salts.  In  this  paper,  we  report  on  the 
synthesis  of  the  new  salt  NFJSiF*  and  on  some  properties  of 
the  known  NF^bF*.  Since  these  two  salts  can  be  readily 
prepared  in  high  yields,  they  are  important  starting  materials 
for  the  syntheses  of  other  NF4+  salts  used  in  NF,-F2  gas 
generator  compositions. 

Experimental  Section 

Materials  and  Afpwaha.  The  equipment  and  handling  procedure* 
used  in  this  work  were  identical  with  thote1  recently  described.  The 
NF4BF4  starting  material  was  prepared  by  low-temperature  UV 
photolysis1  and  did  not  contain  any  detectable  impurities.  The  er-BiF, 
was  purchased  from  Ozark  Mahoning  Co.  and  did  not  contain  any 
impurities  detectable  by  Raman  spectroscopy.  The  NFjSbjFtiwas 
prepared  as  described.’ 


Synthesis  of  NF4B1F6  by  Disphcemsnt  Reaction  without  Spirant, 
Pure  NF4BF4  (10.1  mmol)  and  a-BiF,  (10.1  mmol)  were  powdered, 
mixed,  and  placed  in  a prepassivated  (with  ClFj)  95-mL  Monel 
cylinder.  The  cylinder  was  heated  to  180  °C  for  l.S  h.  Products, 
volatile  at  20  SC,  were  removed  by  pumping  and  separated  by 
fractional  condensation.  They  consisted  of  7.8  mmol  of  BF,  in  addition 
to  a small  amount  of  material  noncondensable  at  -196  ®C.  The 
amount  of  BF,  evolution  was  confirmed  by  the  weight  lots  of  the 
solid-containing  cylinder.  The  conversion  of  NF4BF4  to  NF4BiF4  was 
further  confirmed  by  Raman  spectroscopy  of  the  solid.  The  solid  was 
removed  from  the  cylinder,  finely  powdered,  returned  to  the  cylinder, 
and  heated  to  175  °C  for  an  additional  18  h.  This  resulted  in  the 
evolution  of  an  additional  2.3  mmol  of  BF),  in  excellent  agreement 
with  the  observed  weight  loss.  The  complete  conversion  of  NF4BF4 
to  NF4BiF4  was  confirmed  by  infrared  and  Raman  spectroscopy  and 
elemental  analysis.  Anal.  Calcd  for  NF4BiF«:  NFlt  17.15;  BiFj, 
64.49.  Found:  NF),  16.9;  BiFj,  60.0  An  explanation  for  the  low 
BiF)  value  is  given  below. 

Synthesis  of  NF4BiFt  by  Displacement  Reaction  te  HF.  Dry  HF 
(5  mL  of  liquid)  was  added  at  -78  °C  to  a Teflon-FEP  ampule 
containing  NF4BF4  and  BiF)  (9.9  mmol  of  each).  The  mixture  was 
agitated  at  20  °C  for  several  hours  and  gas  evolution  was  observed. 
The  volatile  products  were  pumped  off  at  20  *C  and  the  HF  treatment 
was  repeated.  After  removal  of  the  volatile  products  from  the  second 
HF  treatment,  4.075  g of  a white,  stable  solid  (weight  calculated  for 
9.9  mmol  of  NF4BiF4  4.089  g)  was  left  behind  which  was  shown  by 
infrared  and  Raman  spectroscopy  to  be  identical  with  the  analyzed 
product  obtained  from  the  above  described  thermal  displacement 
reaction. 

Direct  Synth  mil  of  NF4BIF4-nlNF).  In  a typical  experiment,  a 
mixture  of  NF,  (238  mmol),  Fj  (238  mmol),  and  BiF)  (10.06  mmol) 
in  a prepasaivated  95-mL  Monel  cylinder  was  heated  for  30  h to  175 
*C  under  an  autogenous  pressure  of  167  atm.  Unreacted  NF)  and 
Fj  (~463  mmol  total)  were  pumped  off  at  20  *C  leaving  behind  3.75 
g of  a white,  stable  solid  (weight  calculated  for  6.29  mmol  of 
NF4BiF4-0.6BiF,  3.745  g).  Anal.  Calcd  for  NF4BiF*-0.6BiF,:  NF„ 
11.92;  BiF, , 71.60.  Found:  NF„  1 1.9;  BiF,,  69.00. 

Pyrolysis  *f  NFJNF^nBiF,.  A sample  (3.29  mmol)  of  NF4BI- 
F<-1.46BiF),  prepared  as  described  above  expept  for  using  a sig- 
nificantly shorter  reaction  time,  was  subjected  to  vacuum  pyrolysis 
at  280  °C  for  1.5  b.  The  white  crystalline  residue  (1.13  g)  was 
identified  by  vibrational  spectroscopy  and  its  x-ray  diffraction  powder 
pattern  to  be  mainly  NF4BiF4  (weight  calculated  for  3.29  mmol  of 
NF4BiFt  1.36  g)  corresponding  to  a yield  of  83%. 

Syathsais  of  NF4SbF4.  The  thermal  reaction4  of  NF,-F,  -SbF,  at 
1 1 5 *C,  followed  by  vacuum  pyrolysis  at  200  *C,  produces1  a product 
of  the  approximate  composition  NF^^Fi,.  This  product  can  be 
converted  to  NF4SbF4  by  vacuum  pyrolysis  at  higher  temperature; 
however,  this  SbF,  removal  is  accompanied  by  a competing  reaction, 
i.e.,  the  thermal  decomposition  of  some  of  the  desired  NF«SbF4. 
Pyrolysis  at  250-260  *C  for  1-1.5  b under  dynamic  vacuum  resulted 
in  complete  conversion  to  N F^F,.  Measurement  of  the  NF,  evolved 
during  this  pyrolysis  showed  that  lest  than  3%  of  the  NF«SbFt  had 
undergone  decomposition.  When  the  pyrolysis  was  carried  out  at 
275-300  *C,  even  for  relatively  short  periods  of  time,  significantly 
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higher  losses  of  NF^SbFe  due  to  thermal  decomposition  occurred. 

In  a typical  experiment,  NF4Sb2Fn  (31.0  mmol)  in  a 95-mL  Monel 
cylinder  was  pyrolyzed  under  dynamic  vacuum  at  255  °C  for  80  min. 
The  evolved  SbF,  was  condensed  in  a Teflon- FEP  U-trap  kept  at  -196 
°C.  The  white  solid  residue  consisted  of  30.4  mmol  of  NF«SbF*  (98 
mol  % yield  based  on  NF/).  Anal.  Calcd  for  NF^SbF*:  NF,,  21.80; 
Sb,  37.38.  Found:  NF„  21.72;  Sb,  37.41;  Ni,  0.08;  Cu,  0.03. 

FlrtaWl  Analyses.  For  the  elemental  analyses,  a weighed  amount 
(several  mmol)  of  the  NF/  salt  was  placed  in  the  bottom  of  a 
Teflon-FEP  U-trap,  which  was  closed  off  by  valves.  The  trap  was 
cooled  to  -196  °C  and  several  milliliters  of  distilled  water  was  frozen 
out  in  the  upper  section  of  the  U-trap.  The  frozen  water  was  shaken 
down  into  the  cold  bottom  section  of  the  U-tube  and  the  ice  and  the 
NF/  salt  were  mixed  while  being  cold.  This  mixing  procedure  was 
found  important  to  avoid  violent  reactions  between  solid  NF/  salts 
and  isolated  droplets  of  liquid  water,  which  sometimes  were  en- 
countered when  thawing  the  ice  in  the  upper  part  of  the  tube  and 
allowing  the  liquid  water  to  run  down  onto  the  NF/  salt.  The  mixture 
of  ice  and  NF4*  salt  was  warmed  to  20  “C  for  30  min.  Upon  melting 
of  the  ice,  gas  evolution  occurred.  The  contents  of  the  trap  were  cooled 
and  the  evolved  O,  and  NF,  were  distilled  off  at  -196  and  -126  °C, 
respectively,  and  were  measured  volumetricaily.  For  NF*SbFt,  the 
aqueous  hydrolysate  was  analyzed  for  Sb  by  x-ray  fluorescence 
spectroscopy.  For  the  BiF,  salts,  a white,  water-insoluble  precipitate 
formed  on  hydrolysis.  This  precipitate  was  filtered  off  at  0 °C,  washed 
with  a small  amount  of  cold,  distilled  water,  dried  at  103  *C,  and 
weighed.  It  was  identified  by  its  x-ray  powder  diffraction  pattern4 
and  by  electron  microprobe  x-ray  analysis  as  BiF,.  Anal.  Calcd  for 
BiF,:  Bi,  78.57;  F,  21.43;  O,  0.  Found:  Bi,  78.6;  F,  21.3;  O,  0. 
Although  93-97%  of  the  BiF3  could  be  isolated  in  this  manner,  the 
solubility  of  BiF,,  particularly  in  the  presence  of  HF,  is  not  low  enough5 
to  permit  a quantitative  precipitation  of  BiF,. 

Results  and  Discussion 

Syntheses.  The  new  NF/  salt  NF4BiF4  was  prepared  either 
from  NF4BF4  and  BiFj  by  the  displacement  reaction 

NF4BF4  + BiF,  -»NF4BiF4  + BF, 

or  directly  by  the  elevated  temperature-pressure  method6 
followed  by  vacuum  pyrolysis 

NF,  + F,  + <«  + l)BiF,  ~-S.  NF4BiF,-nBiF, 

280  °C 

NF4BiF4viBiF, <■  NF4BiF4  + nBiF, 

The  displacement  reaction  can  be  carried  out  either  at  25  °C 
in  HF  solution  or  in  the  absence  of  a solvent  at  elevated 
temperature. 

The  synthesis  of  NF4BiF4  is  more  difficult  than  that  of 
NF4SbF4  owing  to  the  fact  that  at  ambient  temperature  a-BiF5 
is  a nonvolatile,  polymeric,  trans- fluorine-bridged  solid. 
Consequently,  temperatures  above  the  melting  point  (151.4 
°C)  of  BiF;  are  required  for  both  the  displacement  reaction 
and  the  elevated  temperature-pressure  method.  Since  removal 
of  excess  BiF,  is  inconvenient,  the  displacement  reactions  are 
best  carried  out  with  stoichiometric  amounts  of  starting 
materials.  As  for  SbF,,6  the  direct  synthesis  of  the  per- 
fluoroammonium  perfluorobismuthate  salt  at  elevated  tem- 
perature and  pressure  tends  to  produce  polyanions  (mainly 
Bi2F|f)-7  The  feasibility  of  converting  these  salts  to  NF4BiF6 
by  vacuum  pyrolysis  was  demonstrated,  but  no  effort  was  made 
to  maximize  the  reaction  conditions. 

The  pyrolysis  of  NF^^Fu  to  NF4SbF4  and  SbF}  was 
briefly  investigated,  when  we  discovered  that  the  reaction 
conditions  (200  °C)  previously  recommended*  for  the  pyrolysis 
were  not  suitable  for  obtaining  pure  NFjSbF*.  In  our  ex- 
perience, a significantly  higher  pyrolysis  temperature  of  about 
250  °C  was  required  for  the  production  of  essentially  pure 
NF/ibF^  At  this  temperature,  little  or  no  decomposition  of 
the  NF^bF*  itself  took  place.  On  the  basis  of  the  results 
obtained  in  our  laboratory,  the  thermal  reaction  between 
approximately  equimolar  amounts  of  NF,,  F2,  and!  SbF,  at 
temperatures  ranging  from  115  to  200  *C  and  autogenous 
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Figure  1.  Vibrational  spectra  of  NF4BiF4,  NF4BiF4-0.6BiF,,  and 
NF4SbF4:  traces  A,  C,  and  E,  infrared  spectra  of  the  solids  in  silver 
chloride  disks,  the  absorptions  below  300  cm'1  (broken  lines)  being 
due  to  the  AgCl  windows;  traces  B,  D,  and  F,  Raman  spectra  of  the 
solids  recorded  at  different  sensitivities,  the  spectral  slit  width  used 
at  the  lower  sensitivity  levels  being  2 cm1. 

pressures  of  about  200  atm  produce*  a product  of  the  com- 
position NF^bF^nSbF,  with  n ranging  from  2.1  to  3.2  de- 
pending on  the  exact  reaction  conditions.  Vacuum  pyrolysis 
of  these  products  at  200  °C  reduces  n to  a level  ranging  from 
0.8  to  1 .1.  Pyrolysis  at  260  °C  reduces  the  value  of  « to  zero. 

Properties.  The  composition  of  the  NF/  salts  was  os-  l 
ta Wished  by  both  the  observed  material  balance*  and  elemental 
analyses.  The  NF4BiF4  salt  is  a white  crystalline  solid  melting 
in  a sealed  glass  capillary  at  about  341  *C.  The  x-ray  powder 
diffraction  pattern  of  the  sample  prepared  by  pyrolysis  of 
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Table  I.  Crystallographic  Data  of  NF4SbF4  and  NF4B1F4 
Compared  to  Those  of  NF„PF4  and  NF,AsF, 


a 


Tetragonal  unit  cell 
dimensions 


Calcd 
Vol/F,  density, 


a,  A 

c,  A 

NF.PF,0 

7.577 

5.653 

NF4AsF,6 

7.70 

5.73 

NF4SbF, 

7.903 

5.806 

NF4BiF, 

8.006 

5.821 

Reference  1 . 

b Reference  7. 

V,  A‘ 

Z 

A* 

g/cm* 

324.53 

2 

16.23 

2.41 

339.73 

2 

16.99 

2.72 

362.63 

2 

18.13 

2.98 

373.10 

2 

18.66 

3.68 

NF4BiF6-/iCiFs  is  given  as  supplementary  material.  It  could 
readily  be  indexed  for  a tetragonal  unit  cell,  analogous  to  those 
of  NFaPF*,1  NFaAsF*,®  and  NF^SbF^  (see  Table  I).  Several 
weak  lines  of  variable  intensity  could  not  be  indexed  for  a 
tetragonal  unit  cell,  and  corresponding  lines  had  not  been 
observed  for  the  other  isotypic  NF4MF6  salts.  Consequently, 
these  extra  lines  are  attributed  to  impurities,  such  as  polyanion 
salts,  and  have  not  been  included  in  tbe  listing. 

The  NF^bFt  salt  melts  at  about  318  °C.  Its  x-ray  powder 
diffraction  pattern  is  given  as  supplementary  material.  All 
of  the  observed  lines  could  be  indexed  for  a tetragonal  unit 
cell,  analogous  to  those  observed  for  the  other  NF4MF6  salts 
(see  Table  I).  As  expected,  the  unit  cell  dimensions  and 
calculated  densities  increase  in  the  order  PF4  < AsFt~  < SbF6' 
< BiF4  . 

The  hydrolyses  of  NF4SbF6  and  NF4BiF6  showed  a distinct 
difference  as  far  as  the  amount  of  oxygen  evolution  is  con- 
cerned. The  N F4SbF6  behaved  as  the  previously  studied1  NF4+ 
salts  and  generated  Q2  according  to 

nf;  + h1o-*nf1  + h5f  + >/»  o. 

This  reaction,  however,  is  not  quantitative  owing  to  a com- 


peting reaction1  involving  the  formation  of  scene  HjOj.  Thus, 
for  NFsSbF4,  only  0.4S  mo!  of  Q2  was  observed  per  mole  of 
NF}.  For  NFiBiF*,  however,  0.86  mol  of  02  was  obtained  per 
mole  of  NFj.  Furthermore,  no  evidence  for  the  formation  of 
brown  Bi2Oj  (generated  when  BiF5  is  hydrolyzed)  was  ob- 
served, but  white  BiFj  was  precipitated.  This  oxidation  of  HjO 
by  BiF4*  according  to 

BiF,'  + H,0  -+B1F.1  + HF,‘  + HF  + '/>£), 

can  account  for  the  additional  02  evolution,  which  by  analogy1 
with  NF4+  might  not  be  quantitative  owing  to  the  formation 
of  some  H202. 

The  oxygen  evolution  during  the  hydrolysis  of  the  closely 
related  02  salts  has  recently  been  studied.10  In  agreement 
with  our  findings  for  NF4+  salts,  the  observed  02  evolution 
was  generally  lower  than  the  calculated  values.  However,  for 
02BiF(,  no  evidence  for  the  reduction  of  pentavalent  bismuth 
was  reported.  Furthermore,  the  given  explanation,  i.e.,  that 
the  low  observed  02  values  are  due  to  samples  which  had 
undergone  partial  decomposition  according  to 

20,MF,  — OjMjF,,  +0,  + '/jF, 

cannot  account  for  the  low  02  value  found  for  salts,  such  as 
02AsF6,  which  contain  a volatile  Lewis  acid  and  do  not  form 
a stable  M2Fn~  anion.  Therefore,  some  of  the  conclusions, 
such  as  “ail  dioxygenyl  salts  prepared  so  far  are  intrinsically 
unstable  at  room  temperature”,  which  are  based  on  the  low 
observed  oxygen  values,  are  open  to  question.  Obviously, 
competing  side  reactions,  such  as  those  observed  for  the  NF4+ 
salts,  might  play  an  important  role  and  give  rise  to  low  oxygen 
values. 

Vibrotioaal  Spectra.  The  vibrational  spectra  of  NF4BiF«, 
NF4BiFf0.6BiF5,  and  NF4SbF6  are  shown  in  Figure  1 . The 


ISble  II.  Vibrational  Spectra  of  Solid  NF,BiF„  NF4BiF40.6BiF,,  and  NF,SbF, 


Obsd  freq,  cm'1 , and  rcl  intend 


NF.BiF, 

NF„BiF, 

•0.6BiF, 

NF,SbF, 

Assignments  (point  group) 

1R 

Raman 

IR 

Raman 

IR 

Raman 

NF4*(7-d) 

MF4-  (Oh) 

M,F„ 

2320  vw 

2320  vw 

2320  vw 

2p,  (A,  + E + F,) 

2010  w 

2010  w 

2010  w 

v,  + v,  (F,) 

1768  vw 

1768 vw 

1768  vw 

p,  + v,  (A,  + E + Ft) 

1462  vw 

1462  vw 

1460  vw 

p,  + p,  (F,) 

1228  mw 

1228  mw 

1227  mw 

2p,  (A,  + E + Fa) 

1175  sh 

1177  sh 

1160  vs 

1159  (0.15) 

1160  vs 

1156(0.13) 

1 162  vs 

1160  (0.6) 

>p»  (F,) 

1145  ih 

1150  ah 

1145  sh 

1145  sh 

1 323  vw 

1150(0.2) 

p.  + p>  (F,u) 

1056 vw 

878  (0+) 

1056  vw 

875(0+) 

1056  vw 

878(0.2) 

p,  + p4  (F,  + F,) 

2p}  (A,  + A,  + K) 

844(1.8) 

844(1.5) 

763  vw 

843(7.0) 

p,  (A,) 

p,  + p4  (FIU  + F,u) 

730  vw 

600  vs 

618  m 

602(2) 

\ 

p,  + p,  (F1U  + F,u) 

BiF  str 

610  m 

608  (1) 

602  (2) 

609  m 

604  (3.9) 

>v4(F,) 

580(10) 

580(10) 

675  vs 

648  (10) 

p.  (A„) 

\ 

576  vs 

575  sh 

548(0.5) 

665  vs 
655  sh 

655  (1) 

> p»  (F,u) 

BiF  Ur 

529  w 

529  sh 

531  sh 

576  w 

| p.  (E.) 

521  (0.8) 

452  m 

521  (0.25) 
475  (0.13) 

569  (0.9) 

} BU  Bi 

438  (0.35) 

436  (0.25) 

437  (1.5) 

p,  (E) 

228  (2.1) 

230(1.4) 
211  (0.4) 
175  (0.9) 
ISO  sh 

275  (3.8) 

p,  (E„) 

| Def 

1 IS  (0+)  br 

95  (0.1) 

Lattice  vib 

* Unco rrec ted  Raman  intensities. 
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observed  frequencies  and  their  assignments  are  summarized 
in  Table  II,  The  spectra  are  in  excellent  agreement  with  those 
previously  reportwd  for  the  NF/  cation1  and  the  BiF6' 7>u,u 
and  SbF("  M7_IJ  anions,  thus  confirming  the  ionic  nature  of 
these  adducts.  By  analogy  with  the  previously  studied1  NF4+ 
salts,  the  degeneracy  of  some  of  the  modes  is  lifted  and  crystal 
field  splittings  are  observed.  For  example,  the  antisymmetric 
NF4+  stretching  mode  *»3  (F2)  is  split  into  three  components, 
and  the  r}  (Flu)  and  the  (E*)  modes  of  SbF6~  show  a splitting 
into  three  and  two  components,  respectively.  The  presence 
of  polyanions,  such  as  BijFif,7  in  the  NF^BiF^nBiFs  adducts 
is  apparent  from  the  appearance  of  a medium  intense  infrared 
band  at  452  cm'1,  which  is  attributed  to  the  stretching  mode 
of  the  Bi-F-Bi  bridge.  Furthermore,  additional  bands  were 
observed  in  the  region  of  the  BiF  stretching  and  deformation 
modes.  T he  maximum  of  the  most  intense  BiF  stretching 
infrared  band  was  found  to  vary  somewhat  from  sample  to 
sample  and  varied  from  575  to  605  cm"1.  In  addition,  some 
of  the  pyrolysis  products  showed  weak  infrared  bonds  at  475 
and  400  cm"1.  A comparison  of  the  spectra  of  NF4BiF6  and 
NF4BiF«-nBiFs  with  those  of  NF4SbF6  and  NFaSbgFu1  shows 
a similar  pattern  for  both  when  going  from  MF4"  to  M2Flt". 

Summary 

The  new  NF4+  salt  NF4BiF4  was  prepared  by  the  reaction 
between  equimolar  amounts  of  NF4BF4  and  BiF5  either  at  180 
°C  without  solvent  or  at  20  °C  in  HF  solution.  A sait  of  the 
composition  NF4BiF4-nBiF5  (n  * 0.6-1. 5)  was  prepared  di- 
rectly from  NFj,  F2,  and  BiF5  at  elevated  temperature  and 
pressure.  It  was  converted  to  NF4BiF6  by  vacuum  pyrolysis 
at  280  °C.  The  salts  were  characterized  by  elemental  analyses 
and  vibrational  spectroscopy,  and  their  hydrolyses  were  studied. 
The  pyrolysis  of  NF^blV/tSbFj  to  NF4SbF6  was  briefly 
investigated,  and  the  vibrational  spectrum  and  x-ray  powder 


pattern  of  NF'aSbF4  are  reported. 
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The  novel  NF4+  salt  (NF4)jSnF6  was  prepared  by  metathesis  between  CsjSnF6  and  NF^SbFt  in  HF  solution.  It  is  a white 
solid,  stable  to  above  200  “C.  Based  on  its  x-ray  powder  data,  it  crystallizes  in  the  tetragonal  system  and  is  isotypic  with 
(NF4)2GeF4.  Its  composition  was  established  by  elemental  analysis,  and  the  presence  of  tetrahedral  NF4+  and  octahedral 
SnFt2  ions  in  the  solid  state  and  in  BrF3  solution  was  demonstrated  by  vibrational  and  ”F  NMR  spectroscopy,  respectively. 

The  salt  NFVSnF;  was  obtained  in  quantitative  yield  from  the  displacement  reaction  between  equimolar  amounts  of  NF4BF4 
and  SnF4  in  HF  solution.  When  a large  excess  of  NF4BF4  was  used,  the  main  product  was  again  NF4SnF}  and  only  a 
small  amount  of  (NF4)}SnF4  was  formed.  The  NF*SnFs  salt  was  characterired  by  elemental  analysis,  vibrational  and 
l9F  NMR  spectroscopy,  and  x-ray  powder  data.  The  vibrational  spectra  of  the  solid  and  the  19F  NMR  spectra  of  BrFs 
solutions  show  that  SnFj"  possesses  a polymeric  structure  of  cis-fluorine-bridged  SnFt  octahedra,  analogous  to  that  observed 
for  GeFj'  in  NF4GeF5.  The  potential  of  (NF4)jSnF4  for  a “self-clinkering”  NF3-F2  gas  generator  is  briefly  discussed. 


Introduction 

Perfluoroammonium  salts  are  of  significant  interest  owing 
to  their  potential  for  solid  propellant  NF3-F2  gas  generators 
for  chemical  HF-  DF  lasers.1  Salts  are  known  of  the  following 
anions:  PF4  , AsF4“,  SbF6\  SbF6  -nSbF5,  BiF«  , BiF4  -«BiF3, 
BF4',  GeFj",  and  GcF6J".u  All  of  these  salts  are  derived  from 
Lewis  adds  which  are  volatile  and  either  completdy  or  at  least 
partially  monomeric  at  temperatures  below  the  thermal  de- 
composition temperature  of  their  NF4+  salts.  Since  these 
volatile  Lewis  acids  are  undesirable  for  NFj-Fj  gas  generators, 
they  must  be  removed  by  complexing  (clinker  formation)  with 
a strong  Lewis  base,  such  as  KF.  Since  the  addition  of  a 
clinker-forming  component  degrades  the  performance  of  an 
NFj-Fj  gas  generator,  the  synthesis  of  NF4+  salts,  derived 
from  nonvolatile  Lewis  adds,  became  very  desirable.  However, 
this  objective  presented  a synthetic  challenge,  since  nonvolatile 
Lewis  adds  are  highly  polymeric  and  already  possess  favorable 
high  coordination  numbers.  Consequently,  these  polymeric 
compounds  are  quite  unreactive  and  do  not  behave  like  strong 
Lewis  acids,  thus  rendering  a direct  synthesis3  from  NFj,  F2, 
and  the  Lewis  acid  impossible.  In  this  paper  we  report  the 
synthesis  of  NF4+  salts  derived  from  SjiF4,  a doubly  trans- 
fluorine-bridged  polymer4,3  subliming  at  704  °C,  using 
mctathetical0,1  and  displacement1,2  reactions. 

Experimental  Section 

Materials  and  Apparatus.  The  equipment  and  handling  procedures 
used  in  this  work  woe  identical  with  those  recently  described.1,3  The 
NF4BF4‘  and  NF^bF^  starting  materials  were  prepared  n*  previously 
reported.  The  SnF4  (Ozark  Mahoning)  and  SnCb  (Baker)  were  used 
as  received.  The  NF3  and  F;  were  prepared  at  Rocketdyne,  the  HF 
(Matheson)  was  dried  as  previously  described, * and  the  BrFs 
(Matheson)  was  purified  by  fractional  condensation  prior  to  use.  The 
CsF  was  fused  in  a platinum  crucible  and  powdered  in  the  drybox. 

Synthesis  of  Cs^SoF*  Dry  CsF  (10.45  mmol)  and  SnCL  (5.22 
mmol)  were  combined  in  a passivated  Teflon  FEP  ampule.  Anhydrous 
HF  (10  mL  of  liquid)  was  added,  and  the  mixture  was  agitated  at 
20  °C  for  several  hours  until  HCI  evolution  had  ceased  and  e clear 
solution  was  obtained.  The  volatile  materials  were  pumped  ofT  at  50 
°C.  The  white  solid  residue  (2.604  g;  weight  calculated  for  S.22  mmol 


of  Cs2SnF4  2.600  g)  was  shown  by  infrared  and  Raman  spectroscopy9,10 
and  its  x-ray  diffraction  powder  pattern"  to  be  of  excellent  purity. 

If  SnF4  is  readily  available,  the  following  synthesis  of  CsjSnF(  was 
found  to  be  somewhat  more  convenient.  A mixture  of  CsF  and  SnF4 
(2:1  mole  ratio)  was  fused  in  a covered  platinum  crucible  until  a clear 
melt  was  obtained.  Alternately,  CsF  and  SnF4  (2: 1 mole  ratio)  were 
agitated  in  anhydrous  HF  until  a clear  solution  was  obtained  (SnF4 
is  only  very  sparingly  soluble  in  HF).  In  both  cases  the  resulting 
products  were  shown  by  spectroscopic  techniques  to  be  undistin- 
guishable  from  that  obtained  by  the  above  method. 

Syathmls  of  (NF4)2SaF4.  The  small-scale  metatheticai  reactions 
were  carried  out  in  the  apparatus  depicted  in  Figure  1 . It  consisted 
of  three  Teflon  FEP  U-traps  interconnected  by  Monel  unions 
(Swagelok)  and  closed  off  ct  both  ends  by  a Monel  valve.  The  union 
between  trap  II  and  trap  HI  contained  a Teflon  filter  (porous  Teflon 
sheet,  ‘/u-in.  thickness  from  Russel  Assoc.  Inc.)  and  was  held  in  place 
by  a press  fit.  The  passivated  apparatus  was  taken  to  the  drybox  and 
Cs^nFt  and  NF4SbFt  (in  a 1:2  mole  ratio)  were  placed  into  trap* 
I and  II,  respectively.  The  apparatus  was  connected  to  the  vacuum 
line  through  flexible  corrugated  Teflon  FEP  tubing.  Anhydrous  HF, 
in  an  amount  sufficient  to  just  dissolve  the  starting  materials,  was 
added  to  traps  I and  11.  Trap  1 was  flexed  to  allow  the  CsjSnF4  solution 
to  run  into  trap  11  containing  the  NF*SbF4  solution.  Upon  contact 
of  the  two  solutions,  copious  amounts  of  a white  precipitate  (CsSbF4) 
formed.  The  contents  of  trap  II  were  agitated  for  several  minutea 
to  obtain  good  mixing.  Then  the  apparatus  was  inverted  to  allow  the 
solution  to  run  onto  the  filter.  To  generate  a pressure  differential 
across  the  filter,  trap  III  was  cooled  to  -80  *C.  After  completion 
of  the  filtration  itep,  trap  III  was  warmed  to  ambient  temperature 
and  the  HF  solvent  was  pumped  off.  The  solid  residue  on  top  of  the 
fitter  consisted  mainly  of  CsSbF^  whereas  the  solid  collected  in  trap 
III  was  mainly  the  desired  (NF4)2SnF4. 

The  following  example  gives  a typical  product  distribution  ob- 
tainable with  the  above  procedure  and  apparatus:  starting  material* 
NI-«SbFt  (9.72  mnH),  CijSnF4  (4.86  mmol);  weight  of  solid  on  filter 
4.24  g;  weight  of  solid  in  trap  III  1.36  g (weight  calculated  for  4.86 
mmol  of  (NF^^nF*  2.01  g).  Anal.  Calcd  for  solid  from  trap  III, 
a mixture  of  82.8%  (NF4)JSnF4. 1 2.9%  NFgSbF*  and  4.3%  CsSbF4: 
NF3,  31.72;  Sn,  24.60;  Sb,  5.24;  Cs,  1.43.  Found:  NF„  31.5;  Sn, 
25.1;  Sb,  5.9;  C»,  1.3. 

Synthesis  of  NF4SnFs.  A mixture  of  N F4BF4  and  SnF4  (9.82  mmol 
each)  was  placed  into  a passivated  Teflon-FEP  ampule  containing 
a Teflon-coated  magnetic  stirring  bar.  Anhydrous  HF  (10  mL  of 
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Figare  1.  Apparatus  for  small-scale  metathctica!  reactions  consisting 
of  three  interconnected  Teflon-FEP  U-traps. 

liquid)  was  added  at  -78  °C,  and  the  resulting  suspension  was ' .irred 
at  25  #C  for  2 h.  The  volatile  material  was  pumped  off  at  S5  #C 
leaving  behind  a white  stable  solid  which,  on  the  basis  of  its  weight 
(3.094  g)  and  Raman  spectrum,  consisted  of  83  mol  % NF*SnFs  and 
17  mol  % unreacted  starting  materials.  The  HF  treatment  was 
repeated  (again  for  2 h)  and  the  nonvolatile  residue  (2.980  g;  weight 
calculated  for  9.82  mmol  of  NF<SnFs  2.982  g)  was  shown  by  infrared, 
Raman,  and  "F  NMR  spectroscopy  to  be  essentially  pure  NF^SnFj. 
Anal.  Calcd  for  NF^SnFj:  NFj,  23.38;  Sn,  39.08.  Found;  NFj, 
23.6;  Sn,  38.7. 

When  a mixture  of  NF4BF4  and  SnF4  in  a mole  ratio  of  2:1  was 
treated  eight  times,  as  described  above,  with  liquid  HF  for  a total 
of  35  days,  the  resulting  nonvolatile  residue  consisted  mainly  of 
NF«SnFs,  unreactcd  NF4BF4,  and  a small  amount  of  (NF4)jSnF4. 

Results  and  Discussion 

Syntheses.  As  pointed  out  in  the  Introduction,  SnF4  is 
polymeric  with  Sn  being  hexacoordinated.  Consequently,  solid 
SnF4  docs  not  act  as  a strong  Lewis  acid.  This  was  experi- 
mentally confirmed  by  demonstrating  that  mixtures  of  NFj, 
F2,  and  SnF4,  when  heated  to  temperatures  of  up  to  300  °C 
at  autogenous  pressures  of  about  1 50  atm,  did  not  show  any 
evidence  for  NF4+  formation. 

Since  a direct  synthesis  of  an  NF4+  salt  derived  from  SnF4 
was  not  possible,  we  have  studied  metathetical  and  dis- 
placement reactions.  Because  it  has  previously  been  shown1 2 
that  SnF«2  salts  are  stable  in  anhydrous  HF,  the  metathetical 
and  displacement  reactions  were  carried  out  in  this  solvent. 
On  the  basis  of  the  reported  solubilities  of  CsSbF*  (5.6  g/ 100 
g of  HF),4  NF4SbF4  (280  g/100  g of  HF),4  and  CsjSnF* 
(~250  g/ 100  g of  HF)12  and  the  predicted  high  solubility  of 
(NF4)jSnF6  (the  analogous  (NF4)2GeF6  is  very  soluble  in 
HF),2  the  metathetical  reaction 

2NF4SbF4  -t  CijSnF.  2CsSbF»  l + (NF4)aSnF, 

should  be  capable  of  producing  (NF4)2SnFt  in  a purity  of 
about  93  mol  %.  The  soundness  of  these  predictions  was 
experimentally  verified.  A product  was  obtained  which  based 
on  its  elemental  analysis  had  the  following  composition  (mol 
%):  (NF4)2SnF6, 82.8;  NF^bF*  12.9;  CsSbF*,  4.3.  Whereas 
the  amount  of  CsSbFj  found  in  the  product  approximates  that 
predicted,  the  presence  of  about  13)6  NF^bF*  indicates  the 
loss  of  some  CsjSnF6.  This  was  probably  caused  by  the  hold 
up  of  some  of  the  CsjSnF*  solution  in  trap  1 (see  Figure  1) 
during  its  transfer  to  trap  U.  It  should  be  possible  to  eliminate 
most  of  the  NF^bF*  from  the  product  either  by  minimizing 
the  relative  loss  of  CsjSnF*  during  transfer  by  sealing  up  the 
reaction  or  by  recrystallization  of  the  product.  However,  both 
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approaches  were  beyond  the  scope  of  the  present  study. 

Whereas  SnF4  is  quite  insoluble  in  anhydrous  HF  (contrary 
to  a previous  literature  report13),  it  dissolves  reasonably  fast 
in  HF  solutions  containing  an  excess  of  an  alkali  metal  fluoride 
with  formation  of  the  corresponding  alkali  metal  SnF42'  salt. 
SnF4  has  also  been  reported  to  act  as  a relatively  strong  acid 
in  HF  solution.13  Furthermore,  GeF4  is  capable  of  displacing 
BF4  in  NF4BF4,2  and  the  strength  of  a Lewis  acid  generally 
increases  within  a group  of  the  periodic  system  with  increasing 
atomic  weight  of  the  central  atom.  Consequently,  SnF4  in  HF 
might  be  expected  to  also  be  capable  of  displacing  BF4  in 
NF4BF4. 

When  equimolar  mixtures  of  NF4BF4  and  SnF4  were  stirred 
in  anhydrous  HF,  the  following  quantitative  reaction  occurred 

NF4BF4  + SnF„  H NF4Snl‘s  + BF, 

However,  BF3  interacts  with  HF  and  the  above  reaction 
appears  to  be  an  equilibrium  reaction.  Consequently,  it  was 
found  advantageous  to  pump  off  the  volatile  products  and  to 
repeat  the  HF  treatment  at  least  once  to  obtain  complete 
conversion  to  NF4SnF5.  No  evidence  for  SnFt2"  formation 
was  observed  under  these  conditions.  The  quantitative  for- 
mation of  SnF5"  was  surprising,  since  for  the  alkali  metal 
fluoride-SnF4  systems  exclusive  SnF42~  formation  was  observed 
during  our  study.  We  could  not  find  any  previous  literature 
reports  on  SnFs',  except  for  a recent  low-temperature  ,9F 
NMR  study  by  Dean14  which  demonstrated  the  presence  of 
polyanions  in  S02  solutions  of  mixtures  of  SnF62~  and  SnF4. 

The  possibility  of  preparing  (NF4)2SnF«  from  a 2:1  mixture 
of  NF4BF4  and  SnF4  was  examined.  However,  even  after  eight 
HF  treatments  for  a total  of  35  days  only  a small  amount  of 
SnF62'  had  formed.  The  main  products  were  NF^nFj  and 
unreacted  NF4BF4.  These  results  indicate  that  the  Lewis  acid 
strength  of  SnF5  in  HF  is  insufficient  to  displace  most  of  the 
BF4  from  its  NF/  salt  and  that,  in  agreement  with  Dean’s 
observation  for  S02  solutions,14  the  equilibrium  is  shifted  far 
to  the  right. 

SnFt*‘  + SnF„  n 2Snl's 

Properties.  Both  salts,  (NFJjSnF*  and  NF4SnFs,  are  white, 
stable,  crystallinic,  moisture-sensitive  solids.  As  previously 
pointed  out,2  the  onset  of  thermal  decomposition  is  difficult 
to  define  for  NF4+  salts  owing  to  the  absence  of  a sharp 
decomposition  point.  For  the  SnF4  salts,  one  of  the  decom- 
position products  is  nonvolatile  solid  SnF4  and,  therefore,  no 
melting  point  could  be  observed.  Visual  observation  for 
(NF4)^nF6  in  sealed  glass  capillaries  indicated  the  first  signs 
of  decomposition  at  about  240  °C.  The  occurrence  of  de- 
composition in  this  temperature  range  was  confirmed  by  a 
DSC  study  which  showed  the  onset  of  an  irreversible  en- 
dotherm  at  about  225  °C  which  was  accompanied  by  F2 
evolution.  Furthermore,  sealed  glass  capillaries,  when  heated 
above  300  “C,  exploded  due  to  pressure  buildup  from  the 
gaseous  decomposition  products.  For  NF^nF;  in  a sealed 
glass  capillary,  slight  shrinkage  of  the  solid  was  observed  at 
about  120  °C.  The  DSC  curve  did  not  show  any  evidence  for 
a sharp  change  in  slope  up  to  a temperature  of  about  270  *C, 
where  a large  exotherm  started.  It  should  be  kept  in  mind, 
however,  that  for  powerful  oxidizers,  such  as  NF4+  salts, 
exotherms  can  be  caused  by  reaction  of  the  oxidizer  with  the 
aluminum  sample  container. 

The  hydrolysis  of  (NF4)jSnFt  and  NF4SnF$  proceeds,  as 
previously  established  for  other  NF4+  salt'-.2-13  with  quantitative 
NFj  evolution.  This  reaction  was  also  used  for  the  elemental  ( 
analyses.  In  anhydrous  HF,  the  (NF4)2SnF4  salt  is  highly 
soluble,  whereas  NF^SnFj  is  of  moderate  solubility.  Both  salts 
are  also  soluble  in  BrF3;  however  the  solubilities  are  con- 
siderably lower  than  those  in  HF. 
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Figure  2.  Temperature  dependence  of  the  I9F  NMR  spectrum  of  the 
(SnFj),"'  part  of  NF4SnF5  in  BrF}  solution,  recorded  at  56.4  MHz 
using  CFCIj  as  external  standard. 


X-Ray  Powder  Data.  The  powder  pattern  of  (NF4)jSnFc 
is  given  as  supplementary  material.  The  observed  pattern,  after 
correction  for  several  weak  lines  due  to  the  presence  of  the 


Thble  1.  Crystallographic  Data  of  (NFJ.SnF.  Compared  to 
Those  of  Other  NF/  Salts 


NF4PF4° 

NF4AjF4« 

NF4SbF4“ 

NF4BiF“ 

NF4BF4® 

(NF4),GeF4fe 

(NF4),SnF. 


Tetragonal  unit  ceil  Ca,c<1 

dimensions  den- 

Vol i sity, 

a,  A c,  A y , A*  Z F,  A*  g/cm* 

7.577  5.653  324.53  2 16.23  2.41 

7.70  5.73  339.73  2 16.99  2.72 

7.903  5.806  362.63  2 18.13  2.98 

8.006  5.821  373.10  2 18.66  3.68 

9.944  5.229  517.04  4 16.16  2.27 

10.627  11.114  1255.14  “/.  16.81  2,59 

10.828  11.406  1337.35  “/*  17.91  2.73 


a Reference  1.  6 Reference  2. 


metathesis  by-products  NF^ShF*'  and  CsSbFj6  is  very  «imiia, 
to  that2  of  (NF4)2GeF6,  indicating  that  the  two  compounds 
are  isotypic.  The  pattern  was  indexed  for  a tetragonal  unit 
cell,  and  the  resulting  crystallographic  parameters  of  (N- 
F4)jSnF4  are  compared  in  Table  I with  those  of  other  NF4+ 
salts.  As  can  be  seen,  the  agreement  is  excellent.  Since 
(NF4)2GeF6  has  been  prepared  in  high  purity  and  is  well 
characterized,2  the  x-ray  powder  data  establish  beyond  doubt 
that  the  major  crystalline  product  from  the  NF4SbF6  + 
CsjSnFt  metathesis  is  indeed  (NF4)jSnF4. 

The  powder  pattern  of  NF^nFj  was  also  recorded  and  as 
given  as  supplementary  material.  It  did  not  contain  any  lines 
which  could  be  attributed  to  cither  NF4BF4,2  SnF4,  or 
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Figure  4.  Vibrational  spectra  of  solid  NF4SnF5,  recorded  under  the  same  conditions  as  those  of  Figure  3. 


(NF4)jSnF6.  Reliable  indexing  of  the  pattern  was  not  possible 
owing  to  the  large  number  of  observed  lines,  but  it  somewhat 
resembles  that  previously  observed2  for  NF4GcF5. 

NMR  Spectra.  The  l9F  NMR  spectra  were  recorded  for 
both  (NF4)jSnF6  and  NF^nF;  in  BrFs  solution.  In  spite  of 
its  higher  melting  point  (—60.5  °C)  and  lower  solubilities,  this 
solvent  was  preferred  over  HF,  because  it  was  found  difficult2 
to  suppress  rapid  fluoride  exchange  between  HF  and  the 
anions.  In  BrF$  solution,  no  such  problems  were  encountered. 
Well-resolved  spectra  wete  observed  for  both  the  NF4+  cation 
and  the  corresponding  anions,  in  addition  to  the  sharp  quintet 
(4>  -272)  and  doublet  (4>  -136)  with  Jrf  * 74.7  Hz  charac- 
teristic for  BrFs.2'1 7 For  both  the  (NF4)^»nFf,  and  the 
NF^nFj  solution  a triplet  of  equal  intensity  with  4>  -220,  /NF 
« 229.6  Hz,  and  a line  width  at  half-height  of  about  5 Hz  was 
observed  which  is  characteristic  for  tetrahedral  NF/.2-15,18  The 
(NF4)iSnF6  solution  showed  in  addition  to  these  resonances 
a narrow  singlet  at  4 149  with  the  appropriate  ll7/l”Sn 
satellites  (average  /s«f  “ 1549  Hz).  These  values  are  in  good 
agreement  with  those  previously  reported1419  for  octahedral 
SnF«2'  in  different  solvents.  This  assignment  was  further 
confirmed  by  recordhg  the  spectrum  of  Camp's  in  BrF5 
solution. 

Two  resonances  were  observed  for  SnF5  of  NF4SnF5  at  4> 
145.4  and  162.4,  respectively,  with  an  area  ratio  of  1:4.  At 
-20  °C  the  resonances  consisted  of  broad  lines,  but  at  lower 
temperatures  the  4>  162.4  signal  showed  splittings.  These 
splittings  exhibited  a pronounced  temperature  depeodenoe  (see 
Figure  2).  The  observed  spectrum  can  be  interpreted  by 


comparison  with  the  data  previously  reported14  by  Dean  for 
(SnF)).^  in  S02  solution.  For  this  ion.  Dean  observed  a singlet 
at  140.4  ppm  and  two  approximately  1:2:1  triplets  at  154.2 
and  158.1  ppm,  respectively,  with  area  ratios  of  1:2:2.  The 
lower  field  triplet  was  broader  than  the  higher  field  triplet  and 
the  coupling  constant  was  58  Hz.  These  data  unambiguously 
showed14  that  (SnF5)„^  must  have  a polymeric  structure 
consisting  of  cis-fluorine-bridged  SnF*  octahedrons.  Our  data 
for  (SnF5)41''  in  NF4SnF5  are  quite  similar  with  the  only 
exception  that  the  difference  in  chemical  shift  between  the  two 
triplets  has  decreased  and  decreases  further  with  decreasing 
temperature.  Thus  the  resonance  at  164.2  ppm  (area  4)  can 
be  interpreted  as  an  A2B2  system  strongly  distorted  by  sec- 
ond-order effects.20  The  singlet  at  145.4  ppm  (area  1)  must 
then  be  due  to  the  bridging  fluorines.  The  4:1  area  ratio  results 
from  the  fact  that  only  the  two  bridging  fluorines  are  shared 
by  two  octahedrons.  As  found  by  Dean,  the  coupling  between 
the  axial  and  the  terminal  equatorial  fluorines  is  much  larger 
(about  40-60  Hz)  than  that  between  the  terminal  and  the 
bridging  fluorines.  Furthermore,  the  lower  field  half  of  the 
162.4-ppm  resonance  shows  a greater  line  width  than  the  upper 
half,  indicating  weak,  but  differing,  coupling  between  the 
bridging  and  the  two  types  of  terminal  fluorines. 

Our  observations  for  NF4SnFs  are  in  excellent  agreement 
with  the  data  of  Dean14  and  demonstrate  the  polymeric  cis-  < 
fluorine-bridged  nature  of  SnF5  . However,  we  are  less' 
confident  than  Dean  that,  in  (SnFs)/  , n equals  2.  Higher 
values  of  n can  certainly  not  be  excluded  and  n might  vary 
within  and  from  sample  to  sample,  as  indicated  by  varying 
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(NFaijSnF*  and  NFaSnFj 

Table  II.  Vibrational  Spectra  of  Solid  <NF4),SnF 
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t Compared  to  Those  of  Ci,SnF4 

Obsd  fret;,  cm'1,  and  rei  intend* 

(NF4),SnF4  Cs,  SnF, 

Assignments  (point  group) 

1R 

Raman 

1R  Raman 

NF,*<rd) 

SnF  t>(Oh) 

2310  vw 

2»,  (A,  + E + F,) 

2005  vw 

»,  + »i  (F,) 

1764  vw 

v,  + v4  (A,  + E + F,) 

1463  vw 

<F,) 

1 224  mw 

2r,  (A,  + E + F.) 

1160  vs 

1158  (1.5) 

",  (F,) 

1132  vw,  ih 

",  + V,  (Flu) 

1059  vw 

",  + ",  (F,  + F,) 

1026  vw 

v,  + ",  (F,u  + F*,) 

, 

881  (0.1) 

2v,  (A,  + A,  + E) 

854  ww 

853  (10) 

",  (A,) 

613  mw 

613  (5.0) 

L /C  \ 

605  mw 

607  (1.5) 

f v4tr,) 

579  (8.3) 

573(10) 

(A|g) 

550  vs 

555  vs 

",  (F,u) 

470  (0+)  bi 

460(1.2) 

v,  (Eg) 

449(3.1) 

} v.  (E) 

442  (2.9) 

f 1 

251  (3.3) 

249  (4.5) 

v.  <F»«) 

84  (0.3) 

Lattice  vib 

° Uncorrected  Raman  intensities 


ft 


( 


Table  IIL  Vibrational  Spectra  of  Solid  NF4SnF, 

Compared  to  Those  of  NF4GeF, 

Obsd  fret;,  cm' 

’,  and  rei  intend* 

NF 

.SnF, 

NF4tieF,b 

Aaaignments"  (point  group) 

1R 

Raman 

IR 

Raman 

NF/(Td) 

(MF,),«- 

2320  w 

2380  vw 
2320  w 

} 2v,  (A,  + E + !•',) 

2000  w 

2010  w 

"i  + ",  <F.) 

1760  w 

1766  w 

",  + v,  (A,  + E + F,) 

1464  vw 
1456  w 

1465  w 
1456  vw 

} ",  + -a  <F,> 

1222  mw 

1168(0.4) 

1221  mw 

1168(0.8) 

2"«  (A,  + E + F,) 

) 

1165  vs 

1159(0.8) 

1160  vs 

1159(0.8) 

fMF.) 

1150  ah 

1149  (0.9) 

1134  w.sh 
1061  w 
1048  w 

881  (0.2) 

1055  w 

881  (0+) 

| ",  + "4  (F,  + F,) 

2v,  (A,  + A,  + E) 

850  vw 

851  (10) 

848  (10) 

v,  (A,) 

635  vs 

701  vs 

ft 

-„<MF.)„  (v„)  + »’<,(IIF,)#q  (y„) 

690  sh 

689(1.0) 

ViiWFJu  <"„)  + *-„_(MF1)m  (*,) 

622  (9.2) 

673  mw 

672  (4.9) 

ft 

'»ym(^l'  i)«<l  ("i ) 

613  m 

615(0.8) 

\ 

605  mw 

606  (3.3) 

604  m 

604(3.2) 

> •'.(!",) 

593  m 

594  (2.6) 

575  vs 

630  vs 

ft 

'm(M  F , )»(,  (vJ4) 

574  (0-5) 

ft 

'«.(MF'.)ta  (+,,) 

559  w.  sh 

558  (2.0) 

578(1.6) 

490  m 

490(0+) 

490  (0+) 

458  m 

448  (2.5) 

474  mw 

440  (2.6) 

ft 

} V,  (E) 

(****) 

440  (2.3) 

386  m 

431  (2.2) 

373  w 

373  (0+)  br 
343  (0+)  br 

1 

| 

335  m 

f 

272  (0.6) 
247  (1.4) 

321  (0.8) 

281  (1.0) 

1 Dcf  modes 

222(1.1) 

243(0.6) 

197  (0.6) 

212  (0.4) 

154  (0+) 
135  (0.2) 

152(0.4) 

* Uncorrected  Raman  intensities-  6 Data  from  ref  2.  c Assignments  for  (MI',),4  were  made  by  anaioigy  with  the  date  of  ref  25. 


golubilitiet  obtervod  for  different  samples  during  this  study. 
Attempts  were  unsuccessful  to  observe  the  spectrum  of  a 1:1 
mole  ratio  mixture  of  CsjSnFft  and  SnF*  in  BrFs  solution  owing 
to  its  low  solubility.  Only  a signal  due  to  SnF*2  was  observed. 


Vibrational  Spectra.  The  infrared  and  Raman  spectra  of 
(NF4),SnFt  and  NF«SaF5  were  recorded  and  are  shown  in 
Figures  3 and  4,  respectively.  The  observed  frequencies  and 
their  assignments  are  listed  in  Tables  U and  III.  Comparison 
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with  the  known  spectra12  of  other  NF4+  salts  clearly  dem- 
onstrates the  presence  of  tetrahedral  NF/  cations,  and  the 
bands  due  to  NF4+  can  be  easily  assigned.  The  observation 
of  small  splittings  for  the  degenerate  modes  of  NF4+  and  the 
observation  of  the  ideally  infrared-inactive  mode  as  a 
very  weak  band  in  the  infrared  spectra  indicate  that  the  site 
symmetry  of  NF4+  in  these  solids  is  lower  than  TV  This  is 
not  surprising  in  view  of  the  above  given  x-ray  powder  data 
and  has  previously  been  also  observed  u for  other  NF4+  salts. 

The  assignments  for  the  anion  bands  in  (NF4)jSnF6  are  also 
straightforward.  The  vibrational  spectra  of  octahedral  SnF62' 
are  well-known19,21"24  and  establish  the  presence  of  SnF62"  in 
(NF4)jSnF6  (see  Table  II). 

The  anion  spectrum  in  NF4SnF5  shows  a pattern  very 
similar  to  that  of  the  anion  in  NF4GeF5.  Furthermore,  the 
general  appearance  of  these  anion  spectra  closely  resembles 
the  spectrum  previously  reported25  for  solid  TaF$.  The 
structure  of  the  latter  has  been  established  by  x-ray  diffraction 
data26  as  a cis-fluorine-bridged  tetramer.  Consequently,  the 
observed  vibrational  spectra  indicate  a value  of  4 for  n in  these 
(MF;)„*  polvanions.  A thorough  vibrational  analysis  has  been 
carried  out25  for  tetrameric  NbFs  and  TaF5  by  Beattie  and 
co-workers.  Using  their  data,  we  have  made  tentative  as- 
signments for  the  stretching  modes  of  SnFs"  and  GeFs  based 
on  tetrameric  anions,  which  are  given  in  Table  III.  The 
assumption  of  a low  degree  of  polymerization,  such  as  a cyclic 
tetramer,  for  the  anions  in  these  NF4MF;  salts  is  not  un- 
reasonable in  view  of  their  appreciable  solubility  in  solvents, 
such  as  HF  or  BrF}.  However,  a crystal  structure  determi- 
nation is  desirable  to  confirm  the  above  conclusions. 

Summary 

The  successful  syntheses  of  NF4SnF5  and  (NF4)jSnF4 
demonstrate  the  possibility  of  preparing  NF4*  salts  derived 
from  nonvolatile  and  unreactive  polymeric  Lewis  acids.  Such 
salts  are  important  for  solid  propellant  NF3-F2  gas  generators 
for  chemical  HF-DF  lasers,  because  they  do  not  require  the 
addition  of  a clinker-forming  reagent.  The  synthesis  of 
NF^nFs  was  achieved  by  depolymerizing  SnF4  in  anhydrous 
HF  and  displacing  BF4"  from  NF4BF4  as  BF3  gas.  For  the 
synthesis  of  (NF4)2SnF6  a metathetical  process  was  required. 
Both  NF4*  salts  were  characterized  by  material  balance, 
elemental  analysis,  infrared,  Raman,  and  19F  NMR  spec- 
troscopy, x-ray  powder  diffraction  data,  and  DSC.  Whereas 
(NF4)jSnFt  contains  monomeric  SnF62  anions,  NF4SnF5 
contains  polymeric,  cis-fluorine-bridged,  hcxacoordinated 
anions.  The  vibrational  spectra  indicate  that  in  solid  NF^SnF, 


Cowley,  Vcrkade,  et  al. 

the  anion  is  probably  present  as  a cyclic  tetramer. 
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Abstract—' The  i.r.  spectrum  of  gaseous  and  the  Raman  spectrum  of  liquid  SF,Br  are  reported.  Ten 
out  of  1 1 fundamentals  expected  for  symmetry  C,„  were  observed  and  assigned.  A normal  coordinate 
analysis  was  carried  out  and  thermodynamic  properties  in  the  range  0-2000  K were  computed. 


INTRODUCTION 

Whereas  the  vibrational  spectra  and  force  fields  of 
SF,C1  [1-3],  SeF,Cl  [4],  and  TeF,d  [3]  have  been 
well  characterized,  similar  data  on  the  correspond- 
ing bromine  compounds  are  lacking.  Since  SF,Br  is 
an  important  intermediate  for  the  synthesis  of  SFs 
substituted  compounds,  a thorough  characterization 
of  this  molecule  was  desired.  In  this  paper,  we 
report  its  vibrational  spectrum  and  the  results  of  a 
normal  coordinate  analysis. 


EXPERIMENTAL 

The  SF,Br  was  prepared  by  the  interaction  of 
BrF  with  SF,  in  the  pretence  of  CsF  in  a stainless 
steel  reactor  at  90°  for  24  hr.  The  reaction  products 
were  separated  by  repeated  fractional  condensation 
through  a series  of  traps  maintained  at  -93  and 
-112*.  The  SF,Br  was  retained  in  the  -112°  trap. 
It  was  found  difficult  to  obtain  a colorless  product, 
free  of  traces  of  Br2,  owing  to  its  tendency  to  de- 
compose to  S2F,0  and  Br2  under  the  influence  of 
light. 

The  i.r.  spectra  were  recorded  at  Rocketdyne  on 
both  a Perkin-Elmer  Model  437  and  a Beckman 
Model  4230  spectrophotometer,  calibrated  by 
comparison  with  standard  calibration  points  [6]. 
Stainless  steel  cells  of  3 and  10-cm  path  length 
fitted  with  AgCI  or  high  density  polyethylene  win- 
dows (seasoned  with  OF,)  were  used  as  sample 
containers.  The  Raman  spectrum  of  liquid  SF,Br 
was  recorded  at  UC  Berkeley  on  a Spex  Model 
1400  double  monochromator,  using  the  6764  A 
exciting  line  for  a Kr  ion  laser  and  quartz  capillaries 
as  sample  containers. 


RESULTS  AND  DISCUSSION 

Vibrational  spectra  of  SF,Br. 

The  i.r.  spectrum  of  SF,Br  is  shown  in  Fig.  1. 
Three  very  weak  bands  at  945,  820  and  545  cm"1 
were  deleted  from  the  figure,  since  their  relative 
intensities  varied  from  sample  to  sample  and  bands 
of  similar  frequencies  have  previously  been  re- 
ported [7]  for  SjF,0,  the  photolytic  decomposition 
product  of  SF,Br.  The  frequencies  observed  for  the 
i.r.  spectrum  of  the  gas  and  the  Raman  spectrum  of 
the  liquid,  together  with  their  assignments  for  point 
group  C,„  are  given  in  Table  1.  The  agreement 
between  the  frequencies  of  the  gas  and  the  liquid  is 
good  indicating  very  little  or  no  association  in  the 
liquid  phase. 

Since  SF,Br  can  be  considered  as  a monosubsti- 
tuted  derivative  of  octahedral  SF6.  it  should  belong 
to  point  group  C,,.  The  1 1 fundamentals  of  SF,Br 
of  symmetry  can  be  classified  as  4A1  + 2B,+ 
B2  +4E.  Of  these,  all  11  modes  should  be  Raman 
active,  whereas  only  the  A,  and  E modes  should  be 
i.r.  active.  Of  the  Raman  lines,  only  the  four  A, 
modes  should  be  polarized. 

The  observed  spectrum  agrees  with  these  predic- 
tions. The  assignment  of  the  bands  to  the  individual 
modes  was  done  by  analogy  with  the  known  spectra 
of  closely  related  SF,C1  [1-3],  ScF,a  [4],  and 
SF50"  [8]  (see  Table  2)  and,  therefore,  requires 
only  little  discussion.  For  SF,Ci  the  revised  assign- 
ment [4]  was  used.  The  frequencies  of  SF,Br,  which 
mainly  involve  motions  of  the  SF,  part  of  the 
molecule,  deviate  by  less  than  24  cm"'  from  those 
previously  reported  for  SF,a  [1-3].  The  vibrations 
involving  mainly  an  S — Br  motion  show  tbe  ex- 
pected pronounced  mass  effect.  The  frequency  of 
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Fig.  1.  Infrared  spectrum  of  gueoui  SFjBr.  Trace*  A,  B end  G 100, 4.5  and  1 nun,  respectively,  in  a 
5 cm  pathlength  cell  with  AgO  windows;  trace  D,  700  mm  in  u 10  cm  pathlength  cell  with 

polyethylene  windows. 


275  cm"1  assigned  to  the  S-Br  stretch  in  SFsBr  is  in 
good  agreement  with  the  value  of  305  cm"1  found 
for  this  mode  in  BrS02F  [9]. 

The  above  assignments  are  further  supported  by 
observed  i.r.  band  contours  (PQR  structure  for 
A,  mocks),  the  Raman  polarization  data,  and 
fact  that  all  the  observed  combination  bands 
Table  1)  can  be  assigned  without  violation  of 


the  C4u  selection  rules.  The  failure  to  detect  k*  in 
the  Raman  spectrum  is  no  surprise  since  for  this 
type  of  molecules  this  mode  is  generally  of  very  low 
intensity  and  also  was  not  observed  for  the  related 
molecules  SF,Q  [1-3]  and  SeFjCI  [5].  By  analogy 
with  SFjG  [3],  v,,  of  SFsBr  is  of  very  low  intensity 
in  the  i.r.  spectrum,  but  is  readily  observed  in  the 
Raman  spectrum. 


Table  1.  Vibrational  spectra  of  SFsBr  and  their  assignment  in  point  group  C4, 


Obsd  freq,  cm-1, 

Infrared 

, and  intensity* 

Raman 

liquid 

Assignment 

1745  vw 

v,  + v,,- 1743(E) 

1696  w 

2v,-1698(A,) 

1588  w 

Vj  + v*  - 1586  (E) 

1540  vw 

Vi  + v2"1541(A1) 

1514  w 

Vj  + v*"  1514(E) 

1489 vw 

vj  + v,-1485  (E) 

1443  vw 

vj  + v3  — 1440  (Aj) 

1280 vw 

V2  + Vj-1283(A,) 

1268  vw 

v,  + v10  - 1 267  (E)  or  v2  + v,  - 1267  (E) 

1193  vw 

v3+v9“  1195  (E) 

1175  ww 

2vj-1182(A,) 

1120 vw 

vt+v4“  1120(A|) 

894  vs 

898  (0.2)  dp 

MB) 

849  vs,  P,  Q,  R 

848  (0.02)  p 

V\  (A,) 

692  m,  P,  Q,  R 

691  (7.6)  p 

MA|) 

620  (0.3)  dp 

y»  (Bi) 

591  m,  P,  Q,  R 

586  (0.2)  p 

•’j  (Ai) 

575  m 

575  (0.02)  dp 

MB) 

500  (0.2)  dp 

MB*) 

477  vw 

-470  (E) 

418  mw 

419  (0.4)  dp 

•'so  (B) 

271  mw 

272  (10)  p 

•>*  (A,) 

222  (0.6)  dp 

•'ll  (B) 

* Uncorrected  Raman  intensities. 
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Vibrational  spectrum  and  normal  coordinate  analysis  of  SFsBr 
Table  2.  Vibrational  spectrum  of  SF,Br  compared  to  tboae  of  SF,C1,  SF,0"  and  SeFjCI 
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Obad  freq,  cat-',  and  intensity 


SF.Br 

SF,  a 11-41 

SF,0-(8] 

SeF.dM 

Assignment 
in  point 
group  C. 

Approxiraste 
description  of 
vibration 

|jr.  |U 

R»  liquid 

tj.  gas 

JU  liquid 

i.r. 

Rs 

i.r.  3*1 

Rs  liquid 

849  v* 

848(0.02)p 

855  vi 

833  (0.2)  p 

735  v* 

722(0.2) 

729  ms 

721  (1.8)  p 

At  v% 

v(XF) 

692  m 

691  (7.6)  p 

707 1 

704  (3)  p 

697  a 

697  (10) 

654  w 

656  (10)  p 

** 

v sym  (XF„) 

391m 

586  (0.2)  p 

602  > 

603  (0.2)  p 

506s 

506(1) 

440  vs 

443  (22)  p 

8 sym  out  of  plane  (XF4) 

271  mw 

272  (10)  p 

402  > 

403  (10)  p 

1134  vs 

1153(1) 

384  mw  385  (8.3)  p 

*4 

vOCY) 

620  (0.3)  dp 

625  (0.7)  dp 

541  (3.3) 

636  (0.6)  dp 

v sym  out  of  phase  (XF<) 

472(0.2) 

< ssyni  out  of  plane  (XF4) 

500  (02)  dp 

505  (0.2)  dp 

452(0.9) 

380  dp 

Btvj 

8 sym  in  plane  (XF*) 

894  v. 

898  (0.2)  dp 

909  v. 

927  (0.2)  dp 

785  vs 

780(0.1} 

745  vs 

745  (0.3)  dp 

£ * 

v asyrn  (XFs) 

57$  m 

57$  (0.02)  dp 

579  mw  584  (0.1)  dp 

530  sh 

530(2) 

421s 

424  (0.4)  dp 

8(FXF4) 

418  mw 

419  (0.4)  dp 

441m 

442  (0.8)  dp 

325  mw 

334  m 

336  (1.2)  dp 

*xm 

8 Myra  in  plane  (XF4) 

222  (0.6)  dp 

287  vw 

271  (0.6)  dp 

606s 

607(2.2) 

213  (1.4)  dp 

8 (YXF4) 

field.  Unique  force  constants  could  not  be  com- 
puted since  the  general  valence  force  field  has  24 
symmetry  force  constants  and  there  are  only  11 
frequencies.  It  was  found  that  in  both  the  At  and  £ 
block  off-diagonal  force  constants  are  required  to 
fit  the  observed  frequencies.  In  the  A,  block,  the 
Fu,  and  Fu  terms  may  be  neglected  [13]  since 
their  corresponding  G matrix  elements  are  zero.  In 
the  £ block,  however,  all  G matrix  elements  are 
nonzero.  Based  on  our  experience  with  related 
molecules,  the  most  plausible  interaction  constants 
were  selected  and  their  values  were  kept  as  small  as 
possible.  Additional  criteria  for  selecting  the  off- 
diagonal  F terms  were  a plausible  potential  energy 
distribution  an  J the  condition  to  make  Fu  “/*  “/r 
The  resulting  foroe  constants  are  listed  in  Tables  3 
and  4.  Uncertainty  estimates  are  difficult  to  make 


Table  3.  Symmetry  force  constants  of  SFjBr* 


Aj  Vi 

849 

Fu  “/* 

m 

4.50 

vj 

692 

F„-/,  + 2f„+W 

• 

5.36 

Vj 

591 

Ft  1 - i(/»  + 2/m  +/„'  + /,  + 2fyy  + 
-2/,T+4/*'-2  /*•) 

Mi 

2.35 

V* 

271 

Fa  "=  Id 

M 

2.23 

Fit  m ~/«y) 

Mi 

0.48 

Fid  m fwo 

0.67 

Fu  m 'Wd*  ~fl>y) 

F„-A-2X+/7 

m • 

-0.30 

Ft  Vs 

620 

m 

4.30 

*4 

[<70}t 

Fa“i(/e-2fM+W+/v-2/w+^’ 

-2/SV+4/,'- 2/„X) 

Fr,-f.-V-+L' 

F.. 

m 

3.16 

Bj  wj 

500 

1.79 

E v. 

894 

- 

3.74 

v* 

575 

F» 

m 

2.62 

*10 

418 

Fioto”/.  ”/•« 

m 

1.90 

*11 

222 

FiUimfy-f+y' 

■ 

1.26 

Fttmf«~frf“ 

0.66 

FHHmJn-J,y“ 

m 

0.45 

* Stretching  constants  in  mdyn/A,  deformation  constants  in  mdyn 
A/radian3,  and  stretch-bend  interaction  constants  in  mdyn/radian. 
t estimated  value. 
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Force  constants 

A normal-coordinate  analysis  was  canted  out  to 
aid  the  spectral  assignment.  The  kinetic  and  poten- 
tial energy  metrics  were  computed  by  a machine 
method  [10],  assuming  the  following  geometry  and 
coordinate  definitions:  R„,  “ rIF-=  1.60  A,  Ds,t « 
2.27  A [11],  a “ <FSF  “ 90°,  0-<FSF«9O°  and 
y *»  <BrSF  - 90‘,  where  F refers  to  the  axial  (uni- 
que) fluorine  liigand.  The  symmetry  coordinates 
used  were  identical  with  those  previously  reported 
[12]  for  IF,0.  The  deformation  coordinates  were 
weighted  by  unit  (1  A)  distance. 

The  force  constants  were  calculated  by  trial  and 
error  with  the  aid  of  a computer  to  give  an  exact  fit 
between  the  observed  and  computed  frequencies 
using  the  simplest  possible  modified  valence  force 
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Table  4.  Internal  lorce  constants  of  SF5Br*t 


ft>  “4.50 

0.596 

/o-  2.23 

/Y- 1.479 

A"  4.285 

0.128 

/>  0-265 

/ ' -0.219 

V- 0.545 

fo-0M 

/no- 0.67 

-0.212 

/.  - 1-955 

/*— A/ -0.33 

-0.055 

3.216 

/„— 0.277 

fry  “ ~fn"  “ 0.225 

* Stretching  constants  in  mdyn/A,  deformation  con- 
stants  in  mdyn  A/radian1,  and  stretch-bend  interaction 
constants  in  mdyn/radian. 

t Only  the  values  of  the  stretching  force  constants  can 
be  uniquely  determined  from  the  symmetry  force  con- 
stants', for  the  computation  of  the  remaining  constants, 
the  following  assumptions  were  made: 


f$y  “ Uy m ffy"  “ /*>  ’ 

fry‘~fr,‘,  ff 


/oa-0, 

fyy  fW 


f+ 


~f+. 


owing  to  the  underdetermined  nature  of  the  force 
field.  However,  numerical  experiments  and  com- 
parisons with  related  molecules  (see  Table  5)  indi- 
cate that  the  listed  principal  force  constants  might 
be  expected  to  be  a reasonable  approximation  of 
the  general  valence  force  field  values. 

Comparison  of  the  SFjBr  stretching  force  con- 
stants with  those  of  SF*  [14],  SFsCI  [5,  IS],  SFsO~ 
[8]  and  SeFsCl  [4]  (see  Table  S)  shows  the  expected 
trends.  The  SF  stretching  force  constant  values 
decrease  in  the  order:  SF«>SF5CI>  SFjBr  > 
SFjCT.  This  may  be  explained  [4]  by  the  decreasing 
electronegativity  from  F towards  Br  and  the  formal 
negative  charge  in  SFjO"  which  all  tend  to  release 
electron  density  to  the  remaining  fluorine — ligands. 
This  results  in  an  increased  polarity  (S**— F*_)  of 
these  S — F bonds  and,  consequently,  a lowering  of 
the  SF  stretching  force  constants.  The  stretch- 
stretch  interaction  constants  also  show  continuous 
trends,  although  it  is  difficult  to  rationalize  why  in 


Table  5.  Stretching  force  constants  (in  mdyn/A)  of  SFjBr  compared  to  those 
of  SFjCT,  SF,d,  SF*,  SeF5a  and  SeF* 


SF«[14] 

SFsa 
[15]  [5] 

SFjBr 

SFjO"  [8] 

SeF** 

SeFjQ  [4] 

/* 

(4.83  4.62 

4.50 

3.75 

(4.42 

}d 

5.26 

<2.94  2.75 

2.23 

6.46 

5.01 

<2.75 

A 

(.4.51  4.59 

4.29 

3.60 

(.4.31 

Ar 

0.341 

0.30  0.26 

0.27 

0.54 

0.12 

0.07 

At' 

0.002 

0.47  035 

0.55 

0.75 

0.14 

0.35 

/*D 

0.44  0.4 

0.67 

0.66 

* Abramowitz  and  I.  W.  Levin,  Jnorg.  Chem.,  6,  538  (1967). 


SF*  (for  which  a GVFF  is  lmown  [14])  the  value  of 
/„'  becomes  smaller  than  tliat  of  f„.  Generally,  the 
interaction  between  linear  l>onds  (/„')  is  larger  than 
that  between  bonds  at  right  angles  (f„). 

The  potential  energy  distribution  [16]  for  SFjBr 
is  given  in  Table  6.  As  can  be  seen,  most  funda- 
mentals are  reasonably  characteristic,  thus  support- 
ing the  above  assignments.  The  mixing  of  the  axial 
SF  stretch  (vi)  with  the  equatorial  SF*  umbrella 


Table  6.  Potential  energy  distribution  for  SFjBr* 


Ai 

849 

72F„+54Fj,+  11F**-  18F„-  12F„ 

*2 

100Faj 

v. 

591 

36Fu+46Fu+12Fl, 

V* 

271 

92Fm 

Bj 

v$ 

620 

IOOFjj 

>< 

470 

100F«« 

B2 

y i 

500 

IOOF77 

E 

y* 

894 

85F**+  14F»»+  19Fl0.l0-  14F„ 

y* 

575 

78F„+llFfr, 

VlO 

418 

14FM+71FJ0.10 

•'ll 

222 

93FU,„ 

Table  7.  Computed  thermodynamic  properties  of  SFjBr* 


T,K 

<V 

H*-H*o 

-(P-H*o)/T 

S* 

0 

0 

0 

0 

0 

100 

9.916 

0.844 

51.584 

60.020 

200 

15.763 

2.121 

58.033 

68.637 

298.15 

20.527 

3.918 

62.744 

75.883 

300 

20.598 

3.956 

62.825 

76.010 

400 

23.619 

6.179 

66.938 

82.386 

500 

25.459 

8.640 

70.590 

87.870 

600 

26.619 

11.248 

73.875 

92.622 

700 

27.382 

13.951 

76.857 

96.787 

800 

27.909 

16.717 

79.583 

100.480 

900 

28.284 

19.528 

82.092 

103.790 

1000 

28.559 

22.371 

84.414 

106.785 

1100 

28.767 

25.237 

86.574 

109.517 

1200 

28.928 

28.122 

88.592 

112.027 

1300 

29.054 

31.022 

90.485 

114.348 

1400 

29.155 

33.932 

92.267 

116.505 

1500 

29.238 

36.852 

93.951 

118.519 

1600 

29.305 

39.779 

95.546 

120.408 

1700 

29.362 

42.713 

97.061 

122.187 

1800 

29.409 

45.651 

98.504 

123.866 

1900 

29.450 

48.594 

99.881 

125.457 

2000 

29.484 

51.541 

101.198 

126.969 

•Per  cent  contributions.  Contributions  of  leu  than  * Units  for  C/,  S*,  and  P are  calories,  moles,  and 
10%  to  the  PED  are  not  listed.  degrees  Kelvin;  for  H*  units  are  kilocalories  and  moles. 
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Vibrational  t|  ectrum  and  normal  coordinate  aoaiyiia  of  SFsBr 
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deformation  (vj)  is  no  surprise  in  view  of  their 
similar  motions  and  frequencies. 

Thermodynamic  properties 
The  thermodynamic  properties  of  SFjBr  wet*, 
computed, with  the  molecular  geometry  and  vibra- 
tional frequencies  given  above  assuming  an  ideai 
gas  at  1 atm  pressure  and  using  the  hannowo 
oscillator  rigid-rotor  approximation  [17].  These 
properties  are  given  for  the  range  0-2000  K in 
Table  7. 
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Synthesis  and  Characterization  of  (NF4)2TiF6 

and  of  Higher  NF4+  and  Cs+  Poiy(perfluorotitanate(IV))  Salts 
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Metathesis  between  CsjTiF*  and  NF^SbF^  in  HF  solution  was  used  to  prepare  the  novel  perfluoraemmanium  salt  (NF*)jTiF». 

The  compound  is  a white  crystalline  solid,  stable  to  about  200  °C.  It  was  characterized  by  elemental  analysis  and  infrared, 

Raman,  and  '*FNMR  spectroscopy.  X-ray  powder  data  show  that  the  compound  (tetragonal,  a « 10.715  A,  c » 1 t.l  14 
A)  is  isotypic  with  (NF^jGeF*  and  (NF4):SnFt.  Thermal  or  HF  solution  displacement  reactions  between  NF4BF4  and 
TiF4  produced  the  polyperfluorotitanate(IV)  salts  NF4TijF»  and  NF4Ti3F|,.  Heating  of  NF,.  Fj,  and  TiF4  to  190  *C  at 
an  autogenoua  pressure  of  163  atm  produced  a salt  of  the  approximate  composition  NFxT^Fy.  For  comparison,  TiF4  and 
the  salts  CsjTiF*,  CsjTijFio,  and  CsTijF,  were  synthesized  and  characterized  by  vibrational  spectroscopy. 


Introduction 

/,  (though  the  nonexistence  of  an  NF}  parent  molecule  and 
the  high  ionization  potentials  of  NF3  and  fluorine  made  the 
original  synthesis  of  NF4+  salts  difficult,1  their  surprisingly 
high  thermal  stability  permits  the  syntheses  of  salts  of  relatively 
weak  Lewis  acids.  Thus,  the  preparation  of  stable  NF4+  sabs2-* 
containing  GeF5",  GeF62.  SnFs , and  SnF*2'  anions  has  been 
recently  reported.  Since  NF4+  salts  are  of  significant  interest 
for  solid  propellant  NFj-F2  gas  generators4  for  chemical 
HF-DF  lasers,  the  synthesis  of  novel  higher  performing  NF4+ 
salts  is  desirable.  In  this  paper,  we  report  on  the  syntheses 
and  properties  of  NF4*  salts  derived  from  TiF4. 

Experimental  Section 

Materials  ini  Appeeatea.  The  equipment  and  hsndling  procedures 
used  in  this  work  were  identic*!  with  those  previously  described.2-* 
The  CsF  was  fused  in  a ptetimun  crucible  and  powdered  in  the  drybox. 
The  NF)  and  F}  were  prepared  at  Rocketdyne,  the  HF  (Matbeeou) 
was  dried  as  previously  described,9  and  the  BcFj  (Matbeson)  was 
purified  by  fractional  condensation  prior  to  use.  Pure  NF«BF4  was 
prepared  from  NF),  F2,  and  BFj  by  uv  photolysis2  at  -196  *C  and 
the  NF^bF*  was  synthesized  as  previously  described.4  A 10  year 
old  sample  of  commercial  TiF4  (Allied)  had  undergone  partial  hy- 
drolysis but  was  converted  back  to  pure  TiF4  by  fluorinatiag  it  in  a 
Mood  cylinder  for  2 days  at  250  *C  with  F2  at  70  atm.  Both,  treated 
and  untreated,  samples  of  TiF4  were  used  in  the  displacement  reactions 


withNF4BF4.  In  some  cases  the  cause  of  the  reactions  was  influesrad 
by  the  choice  of  the  TiF4. 

SynttatesefOjTOV  Dry  OF  {40.3  mmol)  and  TIF*  (20.15  mmol) 
were  combined  in  a passivated  Teflon  FEP  ampule.  Anhydrous  HF 
(3  ml  of  liquid)  was  added  at  -78  *C.  The  mixture  was  warmed  to 
24  *C  and  stirred  for  1 h until  all  solid  material  had  dissolved.  The 
volatile  materials  were  pumped  off  at  70  *C  for  2 h.  The  white  solid 
residue  (8.621  g;  weight  ealed  for  20.15  mmol  of  Cs3TiF4  8.619  g) 
was  shown  by  infrared  and  Raman  spectroscopy  to  be  CsjTiF*  of 
excellent  purity.  The  products  obtained  from  both  untreated  and 
prefluorinated  TiF4  were  undistinguishable.  The  solubility  of  CsjTIF* 
in  anhydrous  HF  at  24  *C  was  found  to  be  about  4 g/g  of  HF. 

SynCbteis  ef  GsjTliFio.  This  salt  was  synthesized  from  equimolar 
amounts  of  CS)TiFt  and  prefluorinated  TiF4  either  by  heating  in  a 
Monet  cylinder  to  180  *C  for  7 days  or  by  stirring  the  mature  m liquid 
anhydrous  HF  for  4 days  at  25  *C  and  pumping  off  the  volatile 
material  at  SO  *C  for  3 h.  The  observed  weights  closely  oorrmpoudsd 
to  those  expected  for  CsjTijF,*  Vibrational  spectroscopy  showed  only 
small  amounts  of  TiF*  and  Ti  jF»-  for  the  product  of  the  thermal 
reaction  and  of  TIF4,  TijF*',  TiF**",  and  a higher  poiyaukw  (Raman 
band  st  778  cm-1)  for  the  HF  reaction. 

SjrutiteabefCsTt]F».  This  salt  wu  prepared  as  described  above 
for  CsjTijFis,  except  for  using  Cs2TiF»  and  TiF4  in  a 1 :3  mote  ratio. 
Vibrational  ^ectrowopy  showed  that  the  product  from  the  HF  teaetta 
coutainwi  mainly  TljFV  with  traoes  of  TtF<  and  TijF*2'  being  preesad. 
The  product  from  the  thermal  reaction  wat  a mixture  of  eppradnutely 
4T1F4,  dCsTijF*  tad  2CsjTijFI0. 
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Table  1.  Remits  from  the  Displacement  Reactions 


between  NF.BF,  and  TiF. 

Reactants  'mol) 

Reaction 

conditions 

Products  (mol) 

NF.BF,  (6), 

HF,  24  °C, 

NF,Ti,F,  (4).  NF.BF.  (4) 

untreated  TiF,  (6) 

18  h 

NF.BF,  (6), 

HF,  24  °C, 

NF.TijF,  (6) 

untreated  TiF,  ( 1 2) 

72  h 

NF.BF,  (6). 

HF,  24  °C, 

NF.TijF,,  (~2),  NF.BF, 

prefiuor  TiF,  (6) 

138  h 

(-4),  small  amt  of 

NF.BF,  (6), 

HF,  24  °C, 

NF.Ti.F, 

NF.Ti.F, , (4),  NF.BF,  (2) 

prefiuor  TiF,  ( 1 2) 

96  h 

NF.BF,  (6), 

190  °C, 

Nr,Ti,Fv  (~3),NF,  (~3), 

untreated  Til',  (6) 

18  h 

BF,  (-6),  small  amt  of 

NF.BF,  (6). 

160  °C. 

NF,BF,  and  NF.Ti,F,, 
NF.Ti.F, , (2),  NF.BF, 

untreated  TiF',  (6) 

60  h 

(1.4).  NF,(2.6),BF, 

NF.BF,  (6). 

170  0C, 

(4.6) 

NF,Ti,F,  (3),  NF.BF.  (3), 

prefiuor  Til- . '6) 

20  h 

BF,  (3) 

NF.BF,  (6). 

170  °C, 

NF.Ti.F,  (3.6),  NF.Ti.F,, 

prefiuor  Til’,  (12) 

20  h 

(1.6).  BF,  (5.4).  NF.BF, 

NF.BF,  (6). 

170  “C, 

(0.6) 

NF.Ti.F,  (6),  BF,  (6) 

prefiuor  TiF,  ( 1 2) 

192  h 

The  synthesis  of  higher  polypcrfluorotitanatc(IV)  anions  was 
attempted  by  heating  a 1:5  mole  ratio  mixture  of  Cs2TiF4  and  TiF, 
to  180  °C  for  7 days.  Vibrational  spectroscopy,  however,  showed  the 
presence  of  onh  Ti2F|0:  , Ti2F, , and  unreacted  TiF,. 

Synthesis  of  (NF4)2TIF4,  The  metathctical  synthesis  of  (NF4)2TiFt 
from  saturated  HF  solutions  of  NFaSbF*  (10.00  mmol)  and  Cs2TiF6 
(5.00  mmol)  was  carried  out  in  the  apparatus  previously  described' 
for  the  synthesis  of  (NF4)2SnF4.  After  combination  of  the  solutions 
of  the  two  starting  materials  at  room  temperature  and  formation  of 
a CsSbF*  precipitate,  the  mixture  was  cooled  to  78  *C  and  filtered. 
The  volatile  materials  were  pumped  off  at  50  *C  for  I hr.  The  Filter 
cake  (3.85  g)  was  shown  by  its  x-ray  powder  diffraction  pattern  and 
vibrational  spectroscopy  to  be  mainly  CsSbF,  containing,  due  to  the 
hold  up  of  some  mother  liquid,  a small  amount  of  (NF4)2TiFl>.  The 
filtrate  residue  (1.55  g;  weight  ealed  for  5 mmol  of  (NF4)2TiFt  I 71 
g)  had  the  following  composition  (mol  %):  (NF4)2TiF4, 88.5;  CsSbF,. 
11.5.  Found:  N F,.  36.3;  Ti.  12.21;  Sb,  4.11;  Cs.  4 4.  Calcd  for  a 
mixture  of  88.5%  (NF4)2TiF*  and  1 1.5%  CsSbF*:  NFj,  36.43;  Ti, 
1 2.29;  Sb,  4.06:  Cs,  4.43.  Based  on  the  observed  Raman  spectrum, 
the  composition  of  the  nitrate  residue  was  estimated  to  be  90% 
(NF4)2TiF4  and  10%  CsSbF4,  in  good  agreement  with  the  above 
elemental  analysis. 

DispUceawal  Reactions  between  NF.BF,  and  TiF..  These  dis- 
placement reactions  were  carried  out  either  in  HF  solution  at  room 
temperature  or  tiy  heating  the  starting  materials  in  the  absence  of 
a solvent  in  a Monel  cylinder.  For  the  HF  solution  reactions,  the  solid 
starting  materials  (6  mmol  of  NF4BF4  in  each  experiment)  were  placed 
in  a passivated  Teflon  FEP  ampule  and  15  ml  of  liquid  anhydrous 
HF  was  added.  The  mixture  was  stirred  with  a Teflon-coated  magnetic 
stirring  bar  at  room  temperature  for  a given  time  period.  The  volatile 
products  were  pumped  off  at  50  “C  for  3 h and  the  composition  of 
the  solid  residue  was  determined  by  elemental  and  spectroscopic 
analyses  and  from  the  observed  material  balances. 

The  thermal  displacement  reactions  were  carried  out  in  a pre- 
passivated 90-mi  Monel  cylinder  which  was  heated  in  an  electric  oven 
for  a specified  time  period.  The  volatile  products  were  separated  by 
fractional  condensation  in  a vacuum  line,  measured  by  PVT,  and 
identified  by  infrared  spectroscopy.  The  solid  residues  were  weighed 
and  characterized  by  elemental  and  spectroscopic  analyses.  Thcmults 
of  these  experiments  are  summarized  in  Table  I. 

Direct  Synthesis  of  NF.+  Poly(perf>werortt«natee(IV)).  Pre- 
fluorinated  TiF*  (11.3  mmol),  NFj  (200  mmol),  and  F2  (200  mmol) 
were  heated  in  a passivated  90-ml  Monel  cylinder  to  various  tem- 
peratures for  different  time  periods.  After  each  heating  cycle,  the 
volatile  products  were  temporarily  removed  and  the  progress  of  the 
reaction  was  fallowed  by  determining  the  weight  gain  of  the  solid  and 
recording  its  v rational  spectra.  Heating  to  200  °C  for  3 days  resulted 
in  a weight  gain  of  8 mg  and  the  vibrational  spectra  showed  mainly 
unrcactcd  TiF4  in  addition  to  a small  amount  of  NF4+  and  a poly- 


(pcriluorotitanate(lV))  anion  (probably  Ti4F23  ; sec  below)  having 
its  strongest  Raman  line  at  784  cm1.  During  the  next  two  heating 
cycles  (190-195  *C  for  14  days  and  180  °C  for  35  days)  the  solid 
gained  149  and  41  mg,  respectively.  The  vibrational  spectra  did  not 
show  any  evidence  of  unreacted  TiF4,  and  the  relative  intensities  of 
the  bands  due  to  N F,+  had  significantly  increased.  Furthermore,  the 
784-cm1  Raman  line  had  become  by  far  the  most  intense  Raman 
line.  Additional  heating  to  230  a€  for  3 days  did  not  result  in 
significant  changes  in  either  the  weight  or  the  vibrational  spectra  of 
the  solid.  On  the  basis  of  the  observed  weight  increase  and  the  lack 
of  spectroscopic  evidence  for  the  presence  of  lower  poly(perfluoro- 
titanatc(IV))  anions,  the  solid  product  appears  to  have  the  approximate 
composition  NF.Ti.F2,  (calcd  weight  increase  205  mg;obsd  weight 
increase  198  mg). 

Results  sad  Dbcaaaioa 

Syntheses  of  NF.+  Salts.  Perfluoroammonium  salts  of  TiF. 
were  prepared  by  the  following  methods. 

(1)  Metathesis: 

HF  «oln 

Cs,TiF*  + 2NF4SbF, 2C»SbF,  i + (NFJjTiF* 

The  yield  of  (NF.)2TiF<,  in  this  reaction  is  practically 
quantitative,  except  for  material  lasses  caused  by  the  retention 
of  a certain  amount  of  mother  liquor  by  the  filter  cake.  The 
purity  of  the  material  obtained  in  this  manner  was  approx- 
imately 88. 5 mo!  %,  the  remainder  being  CsSbF.. 

(2)  Direct  Syathisb  from  NF„  F2,  aad  TiF4: 

190  °C 

NF,  + F,  + 6TiF, > NF.Ti.l’ 

160  attn 

Heating  of  TiF4  with  a large  excess  of  NF}  and  F2  to  180-195 
°C  for  50  days  under  an  autogenous  pressure  of  about  160 
atm  produced  a solid  of  the  approximate  composition 
NF.Ti.F2j.  Significant  increases  or  decreases  of  the  reaction 
temperature  resulted  in  lower  conversions  of  NFj  to  NF.+. 

(3)  Ditghmul  Reactions: 

NF„BF4  + nTIF,  - NF,TiF,(n  - !)TiF4  + BF, 

These  reactions  were  carried  out  either  in  anhydrous  HF 
solution  at  room  temperature  or  by  heating  the  solid  starting 
materials  in  a Monel  cylinder  to  160-190  °C.  The  composition 
of  the  products  was  influenced  by  both  the  reaction  conditions 
and  the  choice  of  the  TiF4  starting  material  (see  Table  I).  For 
the  HF  solution  displacement  reactions,  the  use  of  pre- 
fluorinated  TiF4  (see  below)  resulted  in  the  following  ap- 
proximate stoichiometry,  independent  of  the  mole  ratio  of  the 
starting  materials 

HF,  24  °c 

NF.BF,,  + 3TiF, NF,TI,F,,  + BF, 

When  untreated  TiF4  was  used,  the  reaction  stoichiometry 
changed  from  1:3  to  1:2,  again  independent  of  the  mole  ratio 
of  the  starting  materials 

HF,  24  °c 

NF4BF4  + 2TiF4 ► NF.Ti.F,  + BF, 

In  the  thermal  displacement  reactions,  the  use  of  prefluorinated 
TiF4  at  170  °C  resulted  in  a clean  1:2  reaction  between 
NF4BF4  and  TiF4  according  to 

170  °c 

NF.BF,  + 2TiF, NF.Ti,F,  + BF, 

When  an  excess  of  NF4BF4  was  used,  the  reaction  was 
complete  in  20  h,  producing  a mixture  of  NF.Ti2F»  and 
unreacted  NF4BF4.  When  we  used  a 1:2  mole  ratio  of  NF.BF. 
and  TiF4,  however,  longer  heating  periods  were  required  to 
avoid  the  formation  of  some  NF.TijFu  as  a by-product. 

With  untreated  TiF4<  some  of  the  NF.+  salt  was  used  up 
for  the  fluorination  of  the  partially  hydrolyzed  TiF4;  however, 
the  main  product  formed  at  190  *C  was  again  NF4Ti2Ff. 
When  the  reaction  temperature  was  lowered  to  160  °C,  the 
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main  product  was  NF4Ti3F|3. 

The  above  results  are  not  surprising  in  view  of  our  present 
understanding  of  NF4+  chemistry.  It  appears  that  the  nature 
of  the  Lewis  acid  determines  the  possible  synthetic  routes 
toward  their  NF4+  salts.  If  a sufficiently  strong  Lewis  acid 
is  monomeric  at  the  reaction  temperature,  a direct  synthesis 
from  NFj,  F2,  end  the  Lewis  acid  is  possible.  The  initial  step 
in  this  direct  synthesis  is  the  generation  of  F atoms'  from  F2 
by  either  discharge,6,1  radiation, 1,2,8  or  heating.4,6  These  F 
atoms  then  react  with  the  monomeric  Lewis  acid  to  form  a 
Lewis  acid-F*  radical,10  a species  which  might  be  capable1,11 
of  supplying  the  energy  (ionization  potential  of  NF3  minus  the 
energy  released  by  the  formation  of  the  ion  pair)  required  for 
the  oxidation  of  NF3  to  NF3+.  The  latter  cation  can  then  be 
readily  fluorinated  by  either  F-  or  F2  to  NF4+.  A typical 
example  for  this  scheme  is  the  low-temperature  UV  photolysis 
of  the  NF3  F2-BF3  system1,2,10 

hv 

Fj  - ■*  2I'' 

F'  + BF,  - B1  4 

bf4,  + nf>  • nf/biy 
NF,'BIY  + I -NF/BIY 

On  the  other  hand,  if  the  Lewis  acid  is  polymeric  at  tem- 
peratures above  the  thermal  decomposition  point  of  its  NF4+ 
salt,  indirect  synthetic  methods  must  be  used.  A typical 
example  is  SnF4  (sublimation  point  704  °C),  where  metathesis 

HK  join 

CSjSnF,  + 2NF4SbF, ♦ 2CsSbF»  I + (NF4)>SnF4 

and  the  displacement  reaction 

HFioln 

2NF4BI'4  + 2SiiF4 * (NF4)lSn,l,'1„  + 2BF, 

have  successfully  been  applied'  to  the  syntheses  of  its  NF4+ 
salts. 

The  physical  properties  of  TiF4  (polymeric  solid  at  room 
temperature  with  a vapor  pressure  of  1 atm  at  284  °C)  arc 
intermediate  between  those  of  BF,  (bp  -101  °C)  or  GcF4  (1 
atm  vapor  pressure  at  -36  °C)  and  SuF4  (bp  705  °C). 
Consequent!) , the  successful,  although  slow,  direct  thermal 
synthesis  of  an  NF4+  salt  of  TiF4  and  the  pronounced  tendency 
of  TiF4  to  form  polyanions  are  not  unexpected.  However,  the 
actual  composition  of  the  polyanions  was  surprising.  Whereas 
both  GcF4  and  SnF4  in  their  displacement  reactions2,3  with 
NF4BF4  form  exclusively  the  Gc2F|02  and  Sn2F|02  anions, 
respectively,  no  evidence  was  obtained  for  the  formation  of 
Ti2F|02  in  the  corresponding  reactions  of  TiF4.  Instead,  only 
the  polymeric  anions  Ti2F9  and  Ti,F|,  were  observed.  Since 
TiF62  is  known12  to  associate  with  TiF,  or  TiF4  to  form 
Ti2FM'  and  Ti2F|02 , respectively,  the  failure  to  observe  the 
two  latter  anions  in  the  NF4BF4-TiF4  displacement  reactions 
suggests  that  TiF42  is  not  formed  as  an  intermediate  in 
appreciable  quantities.  Furthermore,  the  absence  of  observable 
amounts  of  Ti2F|02  indicates  either  that  TiF5  preferentially 
associates  with  TiF4  rather  than  with  itself  or  that  the  smallest 
TiF4  units  present  which  will  accept  a fluoride  ion  are  dimers. 
Unfortunately,  the  structures  both  of  solid  TiF4  and  of  the 
species  present  in  its  HF  solutions  are  unknown.  Consequently, 
it  is  at  present  inappropriate  to  rationalize  the  different  be- 
havior of  TiF4  and  of  the  two  main-group  tetra fluorides. 

The  fact  that  the  displacement  reaction  in  HF  solution 
resulted  for  untreated  TiF4  in  a lower  polyanion  (Ti2F9)  than 
for  prefluorinated  TiF4,  is  consistent  with  previous  reports13 
on  the  solubility  of  TiF4  in  HF.  Thus  TiF4  is  only  sparingly 
soluble  in  anhydrous  HF,  but  its  solubility  is  significantly 
increased  by  the  addition  of  a Lewis  base,  such  as  an  alkali 
metal  fluoride  or  water.  Apparently,  the  base,  i.e.,  F~  ions, 
helps  to  depolymerize  the  TiF4.  Since  the  untreated  TiF4  was 
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partially  hydrolyzed,  it  probably  generated  upon  addition  to 
the  HF  solution  some  H20,  which  in  the  presence  of  HF  and 
TiF4  would  be  protonated  to  yield  OH3+  and  a polytitanate 
anion.  No  chemical  interaction  between  OH3+  and  NF4+  is 
expected,  since  it  has  previously  been  demonstrated  that 
OH,+SbfV  and  NF4+SbF6  can  coexist  in  HF  solution.14 

A previous  study13  on  the  relative  strength  of  fluoro  acids 
in  HF  solution  had  placed  BF3,  SnF4,  and  TiF4  .n  categories 
2,  3,  and  5,  respectively,  where  the  acid  strength  decreased 
with  increasing  category  number.  The  results  from  our  studies, 
i.e.,  the  fact  that  both  SnF4  and  TiF4  are  capable  of  quan- 
titatively displacing  BF4  from  NF4BF4  in  HF  solution,  indicate 
that  this  acid  classification  is  not  generally  valid. 

Syntheses  of  Cs  Salts.  For  the  characterization  of  the 
poly(pcrfluorotitanate(lV))  anions  in  their  NF4+  salts,  a better 
knowledge  of  these  anions  was  required.  Very  little  in- 
formation on  poly(perfluorotitanatc(IV))  has  previously  been 
publishod.  Except  for  a recent  DSC  study  on  NOTiFs,  which 
was  shown  to  decompose  at  225  °C  to  NOTi2F9  and  FNO,15 
the  only  detailed  study  on  poly(perfluorotitanates)  was  carried 
out  by  Dean.12  Studying  the  TiF4-(Pr2NH2)2TiF6  system  in 
S02  solution  by  19F  NMR  spectroscopy,  he  established  the 
presence  of  the  Ti2Fn3 , Ti2Fi02 , and  Ta2F9  anions,  in  addition 
to  other  unidentified  polymeric  anions. 

Our  study  in  anhydrous  HF  as  a solvent  showed  that  pure 
Cs2TiF6  is  formed  from  stoichiometric  amounts  of  CsF  and 
either  untreated  or  prefluorinated  TiF4 

HF 

2CsF  + Til',  — * Cs,TiF, 

The  compound  Cs2Ti2F|0  can  be  produced  from  an  equimolar 
mixture  of  Cs2TiF6  and  TiF4  by  either  HF  treatment  at  room 
temperature  or  heating  of  the  solids  to  1 80  °C 

ISO  "Cor 

CS)TiF4  +TiF4  — — — • CSjTijl’ io 
HF.  26  C 

Vibrational  spectroscopy  showed  only  traces  of  TiF4,  TiF.,2*, 
and  Ti2F9 , indicating  that  under  these  conditions  Ti2F|02'  is 
clearly  the  favored  species. 

When  the  mole  ratio  of  Cs2TiF6  to  TiF4  was  changed  to  1:3, 
the  reaction  in  HF  solution  produced  almost  exclusively  Ti2F9" 
according  to 

HF,  26  "C 

CSjTil',  + 3TiF,  — * 2CsTi,  F, 

Only  traces  of  TiF4  and  Ti2F|02  were  present.  The  thermal 
reaction,  however,  produced  a mixture  of  approximately  4TiF4, 
4CsTi2F9,  and  2Cs2Ti2F|0. 

A further  increase  of  the  TiF4  ratio  in  the  thermal  reactions 
did  not  produce  any  evidence  for  the  formation  of  polyanions 
higher  than  Ti2F9  but  resulted  in  unreactcd  TiF4.  The  HF 
solution  study  was  not  extended  beyond  the  1:3  Cs2TiF6:TiF4 
mole  ratio. 

Properties.  The  most  interesting  one  of  the  novel  salts 
prepared  during  this  study  is  (NF4)2TiF6,  since  it  has  the 
highest  usable  fluorine  content  of  any  presently  known  NF4+ 
salt.  All  the  NF4+  perfluorotitanates(lV)  arc  white  crystalline 
solids.  Based  on  observations  of  their  thermal  decompositions 
in  sealed  glass  capillaries  and  on  the  results  of  the  direct 
thermal  synthesis  and  of  the  thermal  displacement  reactions, 
these  NF4+  salts  arc  stable  to  at  least  200°.  By  analogy  with 
the  other  known  NF/  salts,  it  is  difficult  to  obtain  meaningful 
decomposition  temperatures  from  either  melting  point  de- 
terminations or  DSC  data.2,3  All  salts  are  hygroscopic  and 
hydrolyze  in  water  with  quantitative  NF3  and  less  than 
quantitative  02  evolution,  in  agreement  with  previous  findings.2 
The  hydrolysate  shows  the  yellow  color  characteristic  for 
titanyl  salts.  The  (NF4)2TiF*  salt  is  highly  soluble  in  Hr  and 
moderately  soluble  in  BrFv  For  the  polyanion  salts,  the 
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Table  II.  X-Ray  Powder  Data  for  (NF4),TiF4° 
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a Tetragonal;  a » 1 0.7 15  A , c = 11.1 14  A;Cu  Ka  radiation;  Ni 
filter. 
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Figure  1.  Vibrational  spectra  of  solid  (NF-OiTiF*  and  NFVTiiF*: 
traces  A and  B,  intrared  and  Raman  spectra  of  (NFahTiFt,  re- 
spectively; traces  C t*itd  D,  corresponding  spectra  of  NF4T12F9, 
prepared  by  the  thermal  (170  aC)  displacement  reaction  between 
NF4BF4  and  TiF«  (1:2),  The  absorptions  below  400  cm"'  in  the 
infrared  spectra  (broken  lines)  are  due  to  the  AgCI  windows.  Weak 
bands,  due  to  impurities,  were  deleted  from  the  spectra.  Raman  spectra 
were  recorded  with  a spectral  slit  width  of  3 cm  '.  The  insert  was 
recorded  at  a higher  recorder  gain. 

solubility  decreases  with  increasing  anion  size. 

The  C»+  salts  are  also  stable,  white,  crystalline  solids.  Tlte 
Cs2TiFt  salt  is  very  soluble  in  HF  (about  4 g/g  of  HF),  but 
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Table  III.  Crystallographic  Data  of  (NF4)aTiF,  Compared  to 
Thoae  of  Other  NF<*  Salts 


Tetragonal  unit 
cell  dimensions 


Calcd 

den- 


a,  A 

c,  A 

V,  A’ 

Z 

A* 

"•a  » 

g/cm1 

7.577 

5.653 

324.53 

2 

16.23 

2.41 

7.70 

5.73 

339.73 

2 

16.99 

2.72 
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362.63 

2 
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2 
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4 
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11.114 
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NF4BlF4e 
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(NF^SnF,** 

(NF4),TiF4 

0 Reference  2.  6 Reference  6.  c Reference  4.  d Reference  3. 
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Figart  2.  Vibrational  spectra  of  solid  NFeTijFn  and  NFaTisFjj, 
recorded  under  the  same  conditions  as  those  of  Figure  I . The  samples 
of  NF*TijFu  end  N F4TUF25  were  prepared  by  the  displacement 
reaction  between  NF*BF«  and  prcfloorinated  TIF*  in  HF  and  by  direct 
synthesis  from  NF3,  Fa,  and  TiFa  at  l**)  4C,  respectively. 

the  solubility  sharply  decreases  for  the  palyankw  salts.  The 
hydrolysis  of  the  ccsiunt  pdy(perfiuorottian»te»{IV))  weui 
followed  by  Raman  spectroscopy.  The  spectra  obtained  for 
the  solid  phase  in  equilibrium  with  the  aqueous  phase  showed 
that  the  bands  due  to  T1F4  and  the  higher  polyanion  impurities 
disappeared  fust,  accompanied  by  a simuilaaeowo  growth  of 
the  TiF«v  bands.  The  aaueous  phase  showed  TiFt3"  as  the 
main  constituent. 
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Table  IV.  Vibrations!  Spectra  of  Solid  (NF4),TiF,  Compared  to  Thote  of  C*,TiF4 


Ob  id  freq  (cm' 1 ) and  rel  intern0 
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1463  w 

1219  mw 

1160  vs 

1132  $h,  vw 
1060  vw 

1021  w 

1158(1.4) 

} 2»t  (A,  + E + F,) 
v,  + v,  (F,) 

| v,  + v4  (A,  + E + Fj) 

*>.  + »4  (F,) 

2v4  (A,  + E + F.) 

} v,  (F.) 

V,  +v«  (F,  + F,) 

910  vw 

883(0.1) 

2»,  (A,  + A,  + E) 

v,  +v4(F,u) 

8S0  sh,  vw 

804  w 

853(10) 

v,  (A,) 

61 1 mw 

612(5) 

607  sh 

601  (8.0) 

599(10) 

f a.  (F.) 

•'i  (A, j) 

563  vs 

452  vw 

450  (3.3) 

442  (2.6) 

289  (8.2) 

562  vs 

284  (9.8) 

[ v,  (E) 

v,  (F1U) 

(Flg) 

107 (0+) 

84(1.2) 

) 

86(2) 

68  (3.2) 
56(1.7) 

> Lattice  vfl) 

° Uncorrected  Raman  intensities.  b The  site  symmetry  of  TiF,1"  in  Cs,TIF,  is  Did,  but  for  simplicity  and  in  view  of  the  unknown  site 
symmetry  of  TiF,1'  in  (NF4),TiF,,  the  assignments  for  TiF,1'  were  made  for  the  point  group  (Oj,)  of  the  free  ion. 


Table  V.  Vibrational  Spectra  of  Solid  Cfri,F„  NF„Ti,Ff,  NF4TljFm  and  NF4Ti4F„ 

Obsd  freq  (cm'1)  and  tel  intens0 


CsTi,F,  NF.Ti.F, 

IR  Raman  IR  Raman 


NF,Tt,Fu  NF,TltF„ 

IR  Raman  IR  Raman 


Assignments  for  NF4* 
in  point  group  Td 


2360  sh 

2320  vw 

2320  vw 

2004  w 

2002  w 

1765  vw 

1766 vw 

1458  w 

1400  vw 

1458  w 

1322  vw 
1223 vw 
1216  w 

1220  mw 

1164  vs 

1 169  (0.2) 
1158(0.5) 

1 166  vs 

1054  vw 

1055  vw 

904  vw 

853  vw 

851  (3.8) 

90S  sh 

725  vs,  br 

75'*  (10) 

725  vs,  br 

752  (10) 

760  vs,  br 

701  (0.7) 

702  (0.7) 

650  vs 

670  (0.4) 

650  vs 

670  (0.5) 

702  vs 

645  (0+) 

645  (0+) 

675  s 

615  s 

615  (0.5) 

615  s 

608  s 

608  (1.6) 

530  vs.br 

530  vs,br 

578  vs 

446  vs 

446  vs 

444  (0.5) 
439  (1.1) 

S02  vs 

390  sh 

388  (0.9) 

390  sh 

389  (0.9) 

327  (0.3) 

326  (0.3) 

290  (0.8) 

290  (0.9) 

247  (2.4) 

247  (2.4) 

238  (2.4) 

237  (2.4) 

225  sh 

22S  sh 

192  (0.5) 

192  (0.5) 

162  (0.4) 

167.  (0.4) 

* Uncorrected  Raman  in  tens!  ties. 


X-Ray  Powder  Data.  The  powder  pattern  of  (NF4)2TiF4 
is  listed  in  Table  II.  After  correction  for  weak  lines  due  to 
CsSbFt  and  NF^bF*  all  observed  lines  could  be  indexed  for 


2350  sh 
2320  vw 
2002  w 
1768  vw 
1457  w 

1220  mw 

}2v,  (A,  + E + F,) 
+MF,) 

v,  + v4  (A,  + E + F,) 
(F,) 

} 2v4  (A,  + E + F,) 

1175  sh 

1160  (0.2) 

1165  vw 

1165  (0.1) 

}*-.  <F»> 

1051 vw 

v,  + *>4  (F,  + F,) 

851  (3.2) 

851  (2.4) 

"i  (A,) 

770(10) 

765  vs 

784  (10) 

731  (0.3) 

712  vs 

735  (1.2) 

696  (0.8) 

661  s 

698  (0.1) 

611  (1.6) 

610  s 

611  (0.9) 

}*-«  (F.) 

585  vs 

588  (0+) 

492  vs 

500  (0+) 

446  (0.9) 

445  (0.7) 

371  (1.0) 

363(1.0) 

252  (Oi) 

251  sh 

241(2X1) 

242  (U) 

223  (0.5) 

223  sh 

190  (1.0) 

188(1.7) 

168  (0.8) 

165  sh 

139  (0.4) 

a tetragonal  unit  ceil,  fha  resulting  crystallographic  pa- 
rameters are  compared  in  Table  1U  to  these  of  similar  NF4+ 
salts.  The  similarity  of  the  patterns  of  (NF^jTiF*,  (N- 
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Figure  3.  Raman  spectra  of  solid  Cs2TiF*.  CsjTijFio,  CsTijFs,  and 
prefluorinated  TiF4. 

FJjSnF,,,3  and  (NF4)2GeF42  indicates  that  the  three  com- 
pounds are  isotypic. 

NMR  Spectra.  Since  in  HF  solution  rapid  exchange  be- 
tween the  solvent  and  the  anion  prevents  observation  of 
well-resolved  anion  spectra,  the  l9F  NMR  spectrum  of 
(NF4)2TiF<,  was  recorded  in  BrF5  solution.  In  addition  to  the 
solvent  lines,2  the  spectrum  showed  the  characteristic9'16  triplet 
(4>  -220.8,  Jur  m 229  Hz)  for  NF4+  and  the  characteristic'2,17 
TiF*2  signal  at  <t>  -81.7.  The  solubility  of  the  NF<+  poly- 
titanatc  salts  in  BrF$  was  too  low  to  permit  the  observation 
of  useful  spectra.  Since  the  '*F  NMR  spectra  of  TijFn3', 
TijF,o2',  and  Ti2F<>'  in  S02  solution  have  previously  been 
studied  and  assigned  in  detail  by  Dean,12  no  further  work  in 
this  direction  was  undertaken. 

Viht  drawl  Spectra.  The  infrared  and  Raman  spectrum  of 
solid  (NF4)2TiF6  is  shown  in  Figure  I.  The  observed  fre- 
quencies are  listed  in  Table  IV.  Comparison  with  the  pre- 
viously reported2  4 * spectra  of  other  NF4+  salts  demon- 
strates beyond  doubt  the  presence  of  the  NF4+  catiou.  The 
remaining  bands  are  due  to  the  anion  and  are  in  excellent 
agreement  with  those  previously  reported  for  TiF*2'  in 
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FREQUENCY,  cm*' 

Figure  4.  Infrared  spectra  of  solid  C*2TiF*.  Cs2Ti2Fio,  CxYi2F»,  and 
prefluorinated  TiF4  as  dry  powders  in  AgCI  disks. 

Cs2TiFt1719  and  (HgI)2TiF6.20  The  observation  of  small 
splittings  for  some  of  the  degenerate  modes  of  NF4+  indicates 
that  the  site  symmetry  of  NF4+  in  the  solid  is  lower  than 
The  same  effect  has  previously  been  observed3  for  isotypic 
(NF4)jSnF*. 

The  vibrational  spectra  of  NF4Ti2F»,  NF4Ti3F|3,  and 
NF4Ti*F2}  are  shown  in  Figures  1 and  2,  respectively,  and  the 
observed  frequencies  are  listed  in  Table  V.  Again,  the 
presence  of  NF4+  is  clearly  established. 

For  a better  characterization  of  the  anion  bands,  the  vi- 
brational spectra  of  several  cesium  salts  and  of  solid  TiF4  were 
also  recorded  (see  Figures  3 and  4,  and  Tables  IV-V1).  Since 
Cs2TiF(  can  be  prepared  in  high  purity  and  since  higher 
polytitanate  impurities  preferentially  underwent  hydrolysis, 
no  problems  were  encountered  with  defining  the  principal 
bands  belonging  to  each  anion.  The  single  most  useful  band 
for  the  identification  of  a poly(pcrfluorotitanate(IV))  anion 
is  the  symmetric,  in-phase,  terminal  TiF  stretching  mode.  This 
mode  results  in  a narrow  and  very  intense  Raman  band,  the 
frequencies  of  which  have  been  denoted  in  Figures  1-3.  As 
can  be  seen,  the  frequency  of  this  band  increases  with  in- 
creasing TiF4  content  and  decreasing  negative  charge  of  the 
anion,  i.e.,  TiF*2'  < Ti2F|02'  < Ti2F»’  < TijFu"  < Ti*F2J'  < 
(TiF4)„. 

The  structure  of  Ti2F,02  (I)  has  been  established12  by  l9F 
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NMR  spectroscopy  as  the  cis  fluorine- bridged  dimer  rod  a 
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Po!y(pcrfluorotitanatc(lV))  Salts 
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Table  VI.  Vibrational  Spectra  of  Solid  Cs,Ti,Flu  and 
Prefluorinated  TiF4 


C*iTi,F,0  T1F4 


Obid  freq  (cm' 1 ) and 
rel  intent0 

Assignments*1 
for  point 
groupD,* 

Obtd  freq  and 
rel  intent0 

IR 

Raman 

IR 

Raman 

703(10) 

fv,  (Af) 

t f,,  (Bj.) 

1 829(5.0) 
817(0.4) 

620  (0.2) 

v,  (B  J 

840-730  i 

807  (10) 

577  (3) 

f3  <V 

vs,  br  1 

761  (1.7) 

t v 11  (®l  u) 

731  (0.4) 

730-600 

) (B.u) 

| °JU  (BJU) 

380  vt,  br 

481  vs 

vt,  br 

(*>.,  (B.u) 

471  (0.S) 

468  m 

Vr.fBt,,) 

370(1.7) 

441  t 

Vn  (B1U) 

291  (0.9) 

335  (0.5) 

1 Fm  (Bj  j) 
1f„  (B„> 

239(1.8) 
221  (0+) 

284  (1.7) 

f,  <Ag) 

201  (2.0) 

248  (4.8) 

Fu  <B.g) 

179  (6.1) 

218  (2.8) 

F,  (Ag) 

140(2.0) 

199(0.8) 

F„  <B,g) 

99  (0+) 
87  (0+) 
70(0+) 

° Uncorrccted  Raman  imentities.  * Using  the  symmetry 
coordinates  of  ref  2 1 . 


thorough  vibrjtional  analysis  has  previously  been  carried21-22 
out  for  the  isostructural  molecule  Nb2CI,0.  Consequently, 
sufficient  information  was  available  to  allow  some  tentative 
assignments  for  Ti2F,02' . These  assignments  are  summarized 
in  Table  VI  and  are  based  on  the  symmetry  coordinates  defined 
for  Nb2Clio  by  Beattie  and  co-workers.  No  attempts  were 
made  to  assign  the  spectra  of  the  remaining  poly(pcrfluoro- 
titanate(IV))  anions  and  TiKj  itself,  although  some  data  are 
available  for  Ti2F9 . Dean  suggested12  on  the  basis  of  WF 
NMR  data  for  Ti2F,  the  triply  fluorine- bridged  structure  II 


\ 


F-^T,— - F — ;T 
''F 


11 

and  Beattie  has  analyzed21  the  vibrational  spectrum  of  the 
isostructural  TI2CI9'  anion.  Our  spectra  of  prefluorinated  TiF< 
(see  Figures  3 and  4)  significantly  differ  from  those  of  un- 
treated TiF4  and  those22  “previously  reported  in  the  literature. 


Summary 

The  synthesis  of  NF4+  salts  has  successfully  been  extended 
to  a subgroup  element.  The  results  of  this  study  show  that 
TiF4  can  act  as  a much  stronger  Lewis  acid  than  predicted 
on  the  basis  of  previous  literature  data.11  Thus,  stable  NF4+ 
salts  derived  from  TiF4  can  be  prepared  either  directly  or 
indirectly.  Of  all  the  presently  known  NF4+  salts,  (NF4)2TiF4 
contains  the  highest  percentage  of  usable  fluorine. 
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Vibrational  spectra  of  thionyl  tetrafluoride,  SF40 
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Abstract — The  i.r.  spectra  of  gaseous,  solid,  and  matrix-isolated  SF40  and  the  Raman  spectra  of 
gaseous,  liquid  and  solid  SF40  are  reported.  It  is  shown  that  several  bands  previously  attributed  to 
SF,0  belong  to  impurities,  and  8 of  the  12  fundamentals  of  SF40  were  reassigned.  A normal 
coordinate  analysis  was  carried  out  and  indicates  for  SF40  a structural  model  with  significantly  longer 
axial  than  equatorial  S — F bonds,  in  disagreement  with  Gundersen  and  Hedberg’s  favored  Model  A. 
Thermodynamic  properties  are  also  reported  for  SF40. 


INTRODUCTION 

During  a study  of  the  vibrational  spectra  of  SF4  [1], 
we  became  also  interested  in  those  of  SF40.  The 
molecular  structures  of  these  two  molecules  [2-6] 
are  closely  related  and  can  both  be  derived  from  a 
trigonal  bipyramid.  The  main  difference  between 
them  is  that  in  SF4  one  of  the  equatorial  positions  is 
occupied  by  a sterically  active  free  valence  electron 
pair,  whereas  in  SF40  it  is  occupied  by  a doubly 
bonded  oxygen  atom. 


I ^F  I^F 

F F 

A closer  examination  of  the  available  literature 
data  [7-9]  on  the  vibrational  spectra  of  SF4G  re- 
vealed many  discrepancies  and  indicated  the  need 
for  a thorough  reinvestigation.  Our  experimental 
data,  which  are  reported  in  this  paper,  showed  that 
several  bands,  previously  attributed  [7-9]  to  SF40, 
actually  belong  to  impurities,  and  resulted  in  the 
reassignment  of  8 of  the  12  fundamentals  of  SF40. 

EXPERIMENTAL 

Pure  SF40  was  prepared  by  vacuum  pyrolysis  of 
CsSFjO  [10].  The  complexing  of  crude  SF40  with  CsF 
[10]  was  found  necessary  in  order  to  completely  remove 
any  SOjFj  present.  The  Utter  does  not  form  a stable 
adduct  with  CsF  and  can  therefore  be  readily  removed 
from  CsSFjO  by  pumping. 

Volatile  compounds  were  manipuUted  in  a well  pasei- 
vated  (with  ClFj)  stainless  steel  vacuum  line  equipped 
with  Teflon  FEP  U-trape  and  316  stainless  steel  bellows- 
scsl  valves. 

The  i.r.  spectra  were  recorded  on  a Perkin-Elmer 
Model  457  spectrophotometer  in  the  range  of  4000- 
250  cm  l.  The  instrument  was  calibrated  by  comparison 
with  standard  gas  calibration  points  [11].  The  gas  cells 
were  made  of  stainless  steel  with  path  lengths  of  either  5 
or  1 0 cm.  The  windows  were  made  of  either  AgCl,  AgBr, 


or  high  density  polyethylene  seasoned  by  C1F,.  The  ap- 
paratus, materials,  and  technique  used  for  the  matrix- 
isolation  study  have  previously  been  described  (22, 13]. 

The  Raman  spectra  were  recorded  on  a Cary  Model  83 
spectrophotometer  using  the  4880  A exciting  line.  A 
Claassen  filter  was  used  to  eliminate  plasma  lines  [14], 
Polarization  measurements  were  carried  out  by  method 
VIII  as  described  by  Claassen  et  al  [14].  For  the  low- 
temperature  spectra  an  apparatus  was  used  similar  to  that 
described  by  Miller  and  Harney  [15].  A stainless  steel 
cell  with  Teflon  O-rings  and  sapphire  wnulnws  [16]  was 
used  to  obtain  the  spectrum  of  the  gas.  The  sample 
containers  for  liquid  and  solid  SF40  were  either  3 mm 
o.d.  quartz  tubes  or  Teflon-FEP  capillaries  used  in  the 
transverse  excitation-transverse  viewing  mode. 

The  ”F  NMR  spectra  were  recorded  at  56.4  MHz  on  a 
Varian  Model  DA-60  high  resolution  NMR  spectrometer, 
equipped  with  a variable  temperature  probe.  Chemical 
shifts  were  determined  by  the  side-band  technique  rela- 
tive to  the  external  standard  CFC1,.  Teflon  FEP  tubes 
(Wilmsd  Glass  Co.)  were  used  as  sample  containers. 
Samples  of  neat  SF40,  of  SF40  over  NaF  (for  removal  of 
any  HF  possibly  present),  and  of  SF40-FC!Oj  mixtures 
(1:3  mole  ratio)  over  NaF  showed  only  a single  signal  for 
SF40  over  the  entire  liquid  range  (mp  of  FCIO,- 
147.75*0. 

RESULTS  AND  DISCUSSION 

Vibrational  spectra.  Figure  1 shows  the  i.r. 
spectra  of  gaseous,  solid  and  Nj-matrix-isolated 
SF40-  Figure  2 shows  the  Raman  spectra  of  gase- 
ous, liquid,  and  solid  SF40.  For  the  liquid  phase, 
some  variation  in  the  spectra  was  observed.  The 
spectra  generally  observed  over  a fairly  wide  temp- 
erature range  are  shown  by  traces  D-F  in  Fig.  2. 
During  one  occasion,  however,  a spectrum  was 
observed  at  -80®C  which  more  closely  resembled 
that  of  gaseous  SF40.  It  is  shown  as  trace  C in  Fig. 
2.  Attempts  to  reproduce  the  spectrum  with  the 
same  or  other  samples  were  unsuccessful,  and  the 
reason  for  its  deviation  could  not  be  established. 
Figure  3 shows  the  most  intense  i.r.  bands  of  gase- 
ous and  matrix-isolated  SF40  at  higher  resolution 
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Fig.  1.  Infrared  spectra  of  SF40.  Traces  A-D,  spectra  of  the  gas  at  different  pressures  in  a :5-cm  path 
length  cell.  Trace  A,  10  mm  {AgBr  windows);  trace  B,  73  mm  (AgCl  windows);  trace  C,  500  mm 
(AgBr  windows);  trace  D,  1500  mm  (polyethylene  windows).  Trace  E,  spectrum  of  SF40  in  a N2 
matrix  (mole  ratio  1 ; 1000)  at  4 K.  Traces  F and  G,  spectra  of  neat  solid  SF40  at  two  different  sample 

thicknesses  at  4 K (Csl  windows). 


and  scale  expansion,  allowing  some  conclusions 
about  the  band  contours  and  the  determination  of 
the  “S — MS  isotopic  shifts.  The  observed  frequencies 
are  listed  in  Tabic  1. 

Comparison  of  the  spectra  of  the  gos,  the  liquid, 
and  the  solid  shows  only  minor  frequency  shifts, 
indicating  little  association  in  the  liquid  and  solid 
phase.  This  is  in  good  agreement  with  its  relatively 
low  boiling  point  (~35.1*C)  and  Trouton  constant 
(21.9)  [7]  end  with  the  observations  made  for  the 
similar  molecule  ClFjOs  [171 

The  trigonal-bipyramida]  structure  of  SF40  has 
been  established  by  electron  diffraction  [3-5]  and 
microwave  [6]  studies.  However,  four  different 
models  of  symmetry  Cu  were  found  [5]  which  were 
all  in  excellent  agreement  with  the  experimental 
electron  diffraction  data.  No  distinction  between 
the  four  models  was  possible,  but  fortunately  all  of 
them  are  very  similar  as  far  as  the  vibrational 
assignments  are  concerned.  Consequently,  know- 


ledge of  the  exact  model  is  not  necessary  for  mak- 
ing the  assignments  for  SF40. 

The  12  fundamentals  expected  for  an  XY4Z 
molecule  of  symmetry  C\,  can  be  classified  as 
5A|  + Aj  + 3Bi  + 3B,.  All  ol  these  should  be  active 
in  both  the  i.r.  and  Raman  spectra,  except  for  the 
A]  mode  which  should  be  only  Raman  active. 

Assignment  of  the  stretching  modes.  The  assign- 
ment of  the  stretching  modes  of  SF40  is  relatively 
easy.  There  are  three  stretching  modes  in  species 
A „ i.e.,  the  S—O  stretch  and  the  symmetric  axial 
SFj  and  the  symmetric  equatorial  SF?  stretch.  Of 
these,  the  SO  double  bond  stretch,  vXt  should  have 
the  highest  frequency,  should  result  in  an  intense 
i.r.  and  a polarized  Raman  band,  and  should  occur 
above  1000  cm'1.  Obviously,  this  fundamental 
must  be  assigned  to  the  bands  in  the  1350- 
1390  cm'1  region.  The  splitting  into  four  compo- 
nents in  the  matrix-isolation  spectrum  and  the  com- 
plex band  contour  in  the  i.r.  spectrum  of  the  gas  are 
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Fig.  2.  Raman  spectra  of  SF40.  Traces  A-C,  spectra  of 
the  gas  at  10  atm  pressure  in  a stainless  steel  cell  with 
sapphire  windows  recorded  at  three  different  sensitivities. 
Traces  D and  E,  characteristic  spectrum  of  the  liquid  in  a 
quartz  capillary  a.  -80*  with  the  incident  polarization 
perpendicular  and  parallel,  respectively.  The  broad  band 
between  300  and  500  cm-1  is  mainly  due  to  quartz,  at 
shown  by  trace  F which  was  recorded  for  a sample 
contained  in  a Teflon-FEP  capillary.  Traces  G and  H, 
irreprodudble  spectrum  of  the  liquid  in  a quartz  capillary 
at  -80*  with  the  incident  polarization  perpendicular  and 
parallel,  respectively.  Trace  1,  spectrum  of  solid  SF40  in  a 
quartz  tube  at  -130*C. 

caused  by  Fermi  resonance  between  v,  and  several 
At  combination  bands  (see  Table  1). 

The  symmetric  equatorial  SF2  and  axial  SFa 
stretching  modes  v2  and  v2  should  give  rise  to  two 
strong  polarized  Raman  bands  in  the  frequency 


range  500-1000  cm-1.  Since  the  equatorial  SF2 
group  is  strongly  bent,  its  symmetric  stretching 
mode  should  result  in  an  intense  i.r.  band,  whereas 
for  the  almost  linear  axial  SF2  group  the  symmetric 
stretch  should  be  of  low  i.r.  intensity.  Furthermore, 
by  comparison  with  similar  pseudo-trigonal 
bipyramidal  molecules  [1, 17],  the  symmetric 
equatorial  stretch  should  have  a significantly  higher 
frequency  than  the  axial  one.  Accordingly,  the  sym- 
metric equatorial  SF2  and  the  symmetric  axial  SF2 
stretching  modes  are  readily  assigned  to  the  bands 
at  about  796  and  588  cm-1,  respectively.  For  the 
observation  of  v2  and  v,  in  the  i.r.  spectra,  the 
matrix  isolation  data  (see  Fig.  3)  were  helpful  since 
v2  almost  coincides  with  v7  (B,),  and  v,  occurs  in 
the  vicinity  of  two  i.r.  bands  of  higher  intensity. 

There  are  two  antisymmetric  SF2  stretching 
modes,  the  equatorial  one,  v,0  (B2),  and  the  axial 
one,  v7  (B,).  Both  should  occur  in  the  frequency 
range  700-1000  cm-1  and  be  very  intense  in  the  i.r. 
spectrum.  In  the  Raman  spectra,  v10  should  be 
considerably  more  intense  than  v7  because  of  the 
large  difference  in  the  equatorial  and  axial  SF2 
bond  angles.  Consequently,  v,0(B2)  and  v7  (B,)  can 
be  assigned  with  confidence  to  the  bands  at  about 
926  and  819  cm-1,  respectively.  The  i.r.  band  con- 
tour of  v7  (see  Fig.  3)  is  complicated  by  v2  (A,) 
which  has  a similar  frequency  (see  above)  and  by 
Fermi  resonance  with  t»5+v,  (B,). 

Assignment  of  the  deformation  modes.  The  as- 
signment of  the  remaining  bands  to  the  seven  de- 
formation modes  is  more  difficult,  since  only  five 
intense  bands  (at  about  639,  567,  560,  265  and 
174  cm-1)  were  observed  with  the  possibility  of  a 
sixth  weak  fundamental  at  about  455  cm-1.  A simi- 
lar situation  was  encountered  for  SF,  [1].  It  is  very 
difficult  to  decide  if  the  lack  of  observation  of  a 
fundamental  is  caused  either  by  its  low  intensity  or 
by  a coincidence  of  two  fundamentals.  Tentative 
assignments  for  the  SF40  deformation  modes  can 
be  made  based  on  the  following  arguments. 

The  639  cm-1  band  has  too  high  a frequency  for 
an  SF2  deformation  and,  therefore,  should  be  due 
to  the  S»**0  wagging  mode,  vl(Bi).  Additional 
support  for  this  assignment  comes  from  the  i.r.  gas 
phase  band  contour  which  is  similar  to  v7(B,)  (see 
Fig.  3).  Furthermore,  there  is  some  evidence  in  the 
i.r.  spectrum  of  the  gas  for  Fermi  resonance  be- 
tween v?  (B|)  and  the  174  + 639  cm-1  combination 
band.  Since  the  174  cm-1  band  belongs  to  species 
At  (see  below),  the  639  cm-1  mode  must  belong  to 
species  B(. 

The  lowest  frequency  mode  (174  cm-1)  should  be 
the  one  involved  in  an  intramolecular  Berry-type 
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Fig.  3.  Principal  i.r.  bands  of  gaseous  and  N2-m»trix-isolatcd  SF40  recorded  at  tenfold  scale 
expansion  under  higher  resolution  conditions.  The  frequency  scale  of  the  gas  and  matrix  spectra  have 
been  slightly  shifted  relative  to  each  other  to  allow  better  comparison. 


exchange  mechanism  [1].  Consequently,  the 
174 cnT1  Raman  band  is  assigned  to  t'j(Aj)  by 
analogy  with  SF4  [1].  The  relative  ease  of  in- 
tramolecular exchange  in  SF40  was  confirmed  by 
our  failure  to  observe  separate  leF  NMR  signals  for 
the  equatorial  and  axial  fluorines  in  SF40  at  temp- 
eratures as  low  as  -145*C.  Polarization  measure- 
ments on  the  liquid  provided  no  direct  evidence  for 
the  174cm~‘  fundamental  being  polarized.  Simi- 
larly, all  the  other  deformation  modes  also  had  a 
depolarization  ratio  of  0.7S.  However,  a polarized 
combination  band  (588  + 174)  in  Fermi  resonance 
with  p,  (A,)  was  observed.  Since  the  588  cm-1  band 
has  been  established  (see  above)  as  an  A j mode, 
the  174  cm'1  band  must  also  belong  to  species  A,. 

By  comparison  with  the  closely  related  PFS  [lb] 
and  SF4  [1]  molecules,  the  equatorial  SF,  wagging 
deformation  vs(Bj)  of  SF40  should  be  of  high 
Raman  and  of  medium  i.r.  intensity  and  have  a 
frequency  between  500  and  600  cm'1.  It  is  there- 
fore assigned  to  the  higher  frequency  component  of 
the  two  bands  observed  in  the  550-570  cm'1 
region. 


Ignoring  for  the  time  being  the  Aa  torsional 
mode,  we  still  need  assignments  for  the  antisym- 
metric equatorial  OSF.  in  plane  deformation 
•'ll  (B 2),  the  equatorial  SI  a scissoring  mode  v4  (A,), 
and  the  axial  SF}  out  of  plane  scissoring  mode 
Vu  (B2).  The  following  bands  are  still  unassigned: 
(i)  a band  at  about  560  on'1  of  medium  intensity  in 
both  the  i.r.  and  Raman  spectrum;  (ii)  a band  at 
about  270  cm'1  of  medium  strong  Raman  and  of 
low  i.r.  intensity;  (iii)  a bmd  at  about  450  cut'1  of 
low  intensity  in  both  the  t.r.  and  Raman  spectrum. 
By  comparison  with  the  ! nown  spectrum  of  planar 
OCFj  [19],  p,,  of  SF4C'  is  expected  to  have  a 
higher  frequency  and  R.iman  intensity  than  p4. 
Furthermore,  the  frequency  of  v,a  (B2)  should  be 
lower  than  those  of  vu  *nd  p4  and  by  comparison 
with  other  similar  molecules  [1,17,18,20]  might 
be  expected  to  be  either  degenerate  with  or  dose  to 
that  of  the  in  plane  axial  SF2  scissoring  mode  v, 
(174cm'1).  Consequently,  the  560cm-’  band  of 
SF40  should  be  due  to  »>ii  (B2). 

For  the  assignment  of  the  270  cm'1  band  of 
SF40,  two  alternatives  remain,  p,  (A,)  and  v,:  (B:). 
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We  prefer  its  assignment  to  vn  (B2)  for  the  follow- 
ing reasons:  (i)  its  relatively  low  frequency  value  is 
more  in  line  with  our  expectations  for  vu  (see 
above);  (ii)  its  relative  i.r.  and  Raman  intensities  do 
not  correspond  well  to  those  observed  for  the  CF2 
scissoring  in  planar  OCF2  [19];  (iii)  for  C1F202  two 
intense  low-frequency  Raman  bands  were  observed 
[17]  at  222  and  285  cm-1,  respectively,  which  re- 
semble those  at  185  and  268  cm-1  observed  for 
SF40.  Therefore,  these  two  Raman  bands  should 
belong  to  a structural  element  common  to  both 
CIFjOj  and  SF4O.  Since  C1F202  contains  only  one 
equatorial  F atom  [17,21],  this  common  structural 
element  must  be  the  axial  FXF  group,  and  the  two 
modes  should  be  due  to  the  axial  in  plane  and  out 
of  plane  scissoring  modes.  The  assignments  previ- 
ously made  [17]  for  these  two  modes  in  C1F202 
should  be  reversed. 

All  the  observed  bands  are  now  assigned,  except 
for  a very  weak  i.r.  and  Raman  band  at  about 
450  cm-1.  This  band  could  cither  be  due  to  the  still 
unassigned  i>4(A|)  fundamental  or  the  174  + 265  ■* 
439  cm-1  combination  band.  Its  assignment  to  the 
vs  (A2)  torsional  mode  is  unlikely  based  on  its 
activity  in  the  i.r.  spectrum  of  gaseous  SF40.  Since 
the  observed  frequency  (—450  cm-1)  does  not 
agree  too  well  with  that  of  439  cm-1,  calculated  for 

+ V|2,  we  tentatively  assign  the  450  cm-1  band  to 

(A,).  However,  the  relatively  low  i.r.  intensity  of 
the  450  cm-1  band  is  disturbing  for  this  assignment, 
and  the  possibility  cannot  be  ruled  out  that  v,  (A,) 
might  occur  in  the  56Gcm-1  region,  but  is  difficult 
to  detect  owing  to  the  presence  of  three  other 
nearby  fundamentals. 

Except  for  the  A2  torsional  mode,  all  fundamen- 
tals of  SF4O  have  thus  been  assigned.  The  assign- 
ments for  all  stretching  modes  and  most  of  the 
deformations  can  be  considered  firm.  The  A2  tor- 
sional mode  which  should  be  only  Raman  active 
could  not  be  positively  identified.  It  is  expected  to 
occur  in  the  region  400-550  cm-1  in  which  several 
extremely  weak  and  therefore  questionable  Raman 
features  were  observed. 

Combination  bands.  A further  point  in  support 
of  the  above  assignments  are  the  combination 
bands.  All  observed  combination  bands  could  be 
assigned  (see  Table  1)  without  violation  of  the 
selection  rules  for  C2,  (B,  + B2~  A,  and  A,  + A2- 
A2  combinations  are  i.r.  forbidden).  Furthermore, 
for  cases  involving  Fermi  resonance,  the  corres- 
ponding fundamentals  and  combination  bands  be- 
longed always  to  the  same  symmetry  species. 

Band  contours.  The  i.r.  gas  phase  band  contours 
were  also  examined.  Based  on  the  published  mic- 


rowave data  (A  -0.13663,  Bm  0.1 1204,  C“ 
0.10808  cm-1)  [6],  the  band  contours  of  SF4O 
should  approximate  those  of  set  39  in  the  tables  of 
Ueda  and  Shimanouchi  [22].  Since  the  B and  C 
values  are  quite  similar,  the  B and  C type  bands 
should  be  similar  under  our  resolution  conditions, 
and  the  A type  bands  should  show  a narrower  Q 
branch.  Since  the  A axis  (smallest  moment  of  iner- 
tia) obviously  must  lie  in  the  direction  of  the  F„ — 
S — F„  bonds,  the  B,  modes  should  exhibit  a nar- 
rower Q branch.  The  observed  band  contours  of  v7 
and  v » (see  Fig.  3)  agree  well  with  this  prediction. 
The  largest  moment  of  inertia  should  be  along  the 
S»=0  axis.  Therefore,  the  At  modes  should  exhibit 
C type  band  contours,  and  the  B2  modes  should 
show  a B type  contour  with  a double  Q branch. 
Baseu  on  these  arguments,  we  prefer  to  attribute 
the  complex  structure  observed  for  the  Q branch  of 
the  926  cti-1  v10  (fl2)  band  to  hot  bands.  Unfortu- 
nately, most  of  the  band  contours  observed  for 
SF4O  are  complicated  by  effects,  such  as  coinci- 
dence of  several  fundamentals,  Fermi  resonance, 
'1S — 34S  isotopic  splittings,  and  possibly  hot  bands, 
lire  only  band  having  a relatively  undisturbed  con- 
tour is  v*(B|)  at  639  cm-1. 

Isotopic  splittings.  The  natural  abundances  of  the 
sulfur  isotopes  are:  ”S«  95.06,  J,S«0.74  and 
*4S“4.18%.  For  some  of  the  fundamentals  split- 
tings due  to  these  isotopes  were  observed  in  the 
matrix  isolation  i.r.  spectra  and  are  listed  in  Tabic  1 
and  Fig.  3. 

Comparison  with  related  molecules.  A compari- 
son of  the  assignments  for  SP40  to  those  previously 
made  for  the  related  molecules  SF4  [1],  C1F,  [20], 
and  C1F,02  [17]  is  given  in  Table  2.  For  ClFj  and 
C1F,02  only  the  modes  associated  with  the  F., — 
Cl— F.x  group  arc  listed  to  avoid  confusion.  The 
general  agreement  is  relatively  good,  if  the  follow- 
ing points  are  kept  in  mind:  (i)  In  the  chlorine 
fluorides,  the  central  atom  is  more  electronegative 
than  oxygen.  Consequently,  oxygen  addition  results 
in  an  electron  release  to  chlorine  and  weakens  the 
Cl — F bonds  by  increasing  their  polarity.  For  sulfur 
fluorides,  the  effect  is  reverse  because  oxygen  is 
more  electronegative  than  the  sulfur  atom,  (ii)  In 
SF4O,  coupling  between  •»,  and  v2  increases  their 
frequency  difference  and  results  in  a frequency 
value  for  i*2  which  is  surprisingly  low  by  compari- 
son with  that  found  for  SF4. 

As  can  be  seen  from  Table  2,  the  problems 
associated  with  the  assignment  of  the  deformation 
modes  in  these  pseudo-trigonal  bipyramidal 
molecules  are  not  trivial  and  more  information 
is  required  before  these  assignments  should  be 
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Table  2.  Vibrational  spectra  of  SF40  compared  to  those  of  SF<,  ClFj  and  C1Fj02 


ClFj  [20] 

ClFjOj  [17] 

Assignment 
for  SF40  in 

Approx,  description 

sf4[1] 

sf4o 

point  group 

of  mode  for  SF.O 

i.r.  Ra 

i.r.  Ra 

i.r. 

Ra 

i.r. 

Ra 

C2„ 

1380  vs 

1380(0.7)  p 

A|R, 

S=— O stretch 

892  s 

893(9.2)  p 

796  m 

795(10)  p 

Vj 

sym  equat  SF3  stretch 

530  m 529  vs,p 

487  vw  487(6)  p 

558  m 

558(10)  p 

588  mw 

587(1.7)  p 

Vj 

sym  axial  SF2  stretch 

353 

356(0  + ) 

447  vvw 

455(0  + ) 

V* 

equat  SF2  scissor 

328  329  w,p 

222(1) 

226  w 

229(1.0) 

174(0.4) 

Vs 

axial  SFj  scissor  in  F,,SO  plane 

474(0.7) 

A2v6 

torsion 

702  vs 

695  vs 

728  vs 

730(0.5) 

819  vs 

815  sh 

B |V7 

antisym  axial  SF2  stretch 

639  ms 

640  sh 

S—O  wagging 

532  ms 

535(3.5) 

567  ms 

566(1.7) 

V« 

equat  SF2  wagging 

867  s 

865  sh 

926 1 

924(0.2) 

B2  *>10 

antisym  equat  SF2  stretch 

328  s 329  w 

287  w 285(1) 

353  ms 

356(0  + ) 

(560  ms 

566 

Vu 

equat  SF2  rocking 

[270  vw 

■ 265(0.7) 

Vil 

axial  SFa  scissor  out  of  F„,SO 
plane 

considered  as  being  well  established.  A large 
number  of  suitable  molecules,  such  as  SF4,  SF40, 
ClFj,  C1F,0,  CIF3O2,  PF„  PF4X  and  PFjX2,  are 
available  and  are  ideally  suited  for  a systematic 
study.  Unfortunately,  such  a systematic  study  is 
beyond  the  scope  of  the  present  investigation. 

Force  constants.  A normal  coordinate  analysis 
was  carried  out  for  SF40  to  support  the  above 
assignments.  The  potential  and  kinetic  energy  met- 
rics were  computed  by  a machine  method  [23],  The 
geometry  used  for  the  computation  was  model  D of 
Gundersen  and  Hedbero  [S]  since  it  agrees  best 
with  the  microwave  data  [6].  The  symmetry  coordi- 
nates used  were  analogous  to  those  previously 
given  for  CiF302  [17],  except  for  exchanging  the 
4 equatorial  oxygen  atoms  for  fluorines  and  vice 
versa  (see  Fig.  4).  As  in  that  work,  the  redundant 
coordinate  in  the  A,  block  was  found  from  the 
numerical  B matrix,  and  the  deformation  coordi- 
nates were  made  orthogonal  to  the  redundancy  by 
the  Gram-Schmidt  process.  The  bending  coordi- 
nates were  weighted  by  unit  (1  A)  distance.  The  G 


F 


Fig.  4.  Definition  of  internal  coordinates. 


matrix  and  Z transformation  were  found  numeri- 
cally by  the  computer  and,  hence,  only  the  coeffi- 
cients for  the  more  important  force  constants  are 
given  in  Table  3. 

The  force  constants  were  adjusted  by  trial  and 
error  with  the  aid  of  a computer  to  give  an  exact  fit 
between  the  observed  and  computed  frequencies. 
The  observed  JJS — **S  isotopic  shifts  were  used  as 
additional  constraints  (see  Table  3).  For  example, 
for  the  A 1 block  a diagonal  valence  force  field 
(DVFF)  results  in  an  isotopic  shift  of  17.4  cm-1  for 
v,  and  an  unreasonably  (see  below)  low  value  of 
1 1 .05  mdyn/A  for  the  SO  stretching  force  constant. 
Based  on  intensity  arguments,  v,  (54S)  is  best  as- 
cribed to  the  shouSder  on  the  1363.4  cm  * band 
(see  trace  A of  Fig.  3)  indicating  an  isotopic  shift  of 
15  cm'1  for  With  this  constraint,  a force  field 
(MVFF 1)  is  obtained  which  results  in  a more  p<aus- 
iblc  value  for  F|.  (see  below)  and  a more  charac- 
teristic potential  energy  distribution  (see  Table  3). 

For  the  B,  block  two  solutions  were  found  (see 
Table  3)  which  were  capable  of  duplicating  the 
observed  isotopic  shifts.  Their  main  difference  is 
the  sign  of  /**.  Since  a value  of  0.28  mdyn/A  for 
f*K  agrees  much  better  with  the  values  found  for 
related  molecules  (see  Table  4),  we  prefer  set  I of 
Tains  3 over  set  II,  although  the  PHD  of  set  II  is 
mere  characteristic.  Strong  mixing  of  the  modes  in 
B,  would  not  be  surprising  in  view  of  their  similar 
frequencies  and  their  ease  of  coupling.  An  exact 
duplication  of  the  observed  matrix  isolation 
isotopic  shifts  could  be  achieved  by  using  for  the 
observed  matrix  isolation  frequency  value 
(803  cm'1)  in  place  of  the  gas  phase  value 
(819  cm'1).  The  resulting  force  field  was  almost 
identical  to  MVFF  I (see  Table  3)  and,  therefore,  is 
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Table  5.  Thermodynamic  properties  of  SF40 
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not  separately  listed.  Contrary  to  the  findings  for 
the  B,  block,  the  potential  energy  distribution  for 
the  Aj  and  B2  blocks  is  highly  characteristic. 

A comparison  of  the  stretching  force  constants  of 
SF*Q  with  those  previously  reported  for  similar 
molecules  [24-35]  is  given  in  Table  4 and  shows 
the  expected  trends.  The  equatorial  SF  bonds  in 
SF«0  are  significantly  stronger  than  the  axial  ones 
(even  if  MVFF  II  is  chosen),  thus  supporting  our 
choice  of  an  electron  diffraction  data  model  [5]  in 
which  rSF„  is  significantly  shorter  than  rSF„.  By 
analogy  with  the  other  related  pseudotrigonal- 
bipyramidal  sulfur  or  chlorine  fluorides  or  oxy- 
fluorides,  the  bonding  in  SF4O  might  be  described 
by  the  following  model.  The  bonding  of  the  three 
equatorial  ligands,  ignoring  the  second  bond  of  the 
S— >0  double  bond,  is  mainly  due  to  an  hybrid, 
whereas  the  bonding  of  the  two  axial  SF  bonds 
involves  one  delocalized  p -electron  pair  of  the  sul- 
fur atom  for  the  formation  of  a semi-ionic  three- 
center  four-electron  pa  bond  [36-38].  The  incor- 
rec'ness  of  the  assignments  previously  made  [9]  by 
Cleveland  and  coworkers  is  also  reflected  by  their 
force  field  which  resulted  in  significantly  stronger 
axial  (/„ « 5.54  mdyn/A)  than  equatorial  (/,  - 
4.40mdyn/A)  SF  bonds,  contrary  to  the  electron 
diffraction  data  [3-5]. 

The  S — O stretching  force  constant  increases 
with  both  increasing  oxidation  stat*  of  the  central 
atom  and  increasing  fluorine  substitution.  The 
equatorial  S— F stretching  force  constants  also  tend 
to  increase  for  the  same  sulfur  oxidation  state  with 
increasing  fluorine  substitution,  except  for  SF40  -» 
SF*.  Provided  the  given  force  constants  differences 
are  meaningful,  the  latter  effect  might  be  explained 
by  the  higher  s-character  of  the  equatorial  SF 
bonds  in  SF4O  (sp2)  when  compared  to  those  in  SF* 
(spJdJ).  Comparison  between  the  stretching  force 
constants  of  SF4O  and  5F*  shows  good  agreement, 
the  slight  increase  from  SF*  to  SF*0  being  attribut- 
able to  the  increase  of  the  sulfur  oxidation  state. 

Thermodynamic  properties.  In  view  of  the  ab- 
sence of  thermodynamic  data  for  SF<0  in  the  liter- 
ature and  of  their  interest  for  chemical  lasers,  we 
have  computed  thermodynamic  properties  for 
SF.O  (see  Table  5).  The  molecular  geometry  and 
frequencies  from  the  above  force  field  computation 
were  adopted  assuming  v*  - 475  cm-'  and  an  ideal 
gas  at  1 atm  pressure  and  using  the  harmonic- 
oscillator  rigid-rotor  approximation  [39].  It  should 
be  kept  in  mind,  however,  that  the  frequencies  of 
two  fundamentals  (v*  and  vt)  are  uncertain  and 
that  tlte  sum  of  the  frequencies  may  therefore  be  in 
error  by  as  much  it  200  cm"'. 


SUMMARY 

The  vibrational  spectra  of  pure  SF4O  have  been 
recorded.  Out  of  the  12  fundamentals  expected  for 
symmetry  C2„,  10  have  been  observed  and  the 
previous  assignments  [9]  were  revised  for  8 of  the 
fundamentals.  As  for  SF*,  the  assignments  for  the 
Ai  equatorial  SF}  scissoring  and  the  A*  torsional 
mode  present  difficulties.  A systematic  study  of  the 
vibrational  spectra  of  the  presently  known  pseudo- 
trigonal  bipyramidal  fluorides  and  oxyfluorides  is 
desirable  to  support  the  assignments  for  the  defor- 
mation modes.  The  results  of  a normal  coordinate 
analysis  indicate  that  the  proposed  assignments  for 
SF*0  are  plausible.  The  stretching  force  constants 
of  SF4O  are  in  good  agreement  with  those  found 
for  SF*  and  similar  molecules.  The  large  difference 
in  the  values  of  the  equatorial  and  the  axial  SF2 
stretching  force  constants  indicates  that  model  D 
(or  possibly  C)  of  Gundershn  and  Hedberq  [5] 
are  more  probable  than  their  preferred  model  A. 
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California  91304,  USA 


A simple  method  for  the  purification  of  fluorine  gas  is  described. 

With  the  exception  of  nitrogen  and  argon,  all  impurities  usually  present  iu 
commercial  fluorine  can  be  readily  removed  by  1)  conversion  of  02  to  non- 
volatile 02  salts,  and  2)  a 70  to  63°K  trap-to-trap  distillation. 


Conaerclal  fluorine  gas  contains  1-21  of  loouritiss,  primarily  Oj , 

N2  and  HF  with  trace  amounts  of  A r,  C02,  CF4,C2Fg,  C3Ffl,  CDF2.  tif3,  0f2, 
S1F4,  SFg,  S02F2,  and  others  [1-5],  For  most  preoarative  purposes  the 
02  content  of  fluorine  does  not  interfere  with  the  desired  reactions, 
and  the  purification  of  F2  can  be  limited  to  the  removal  of  HF  by  a MaF 
scrubber.  For  example,  a nearly  quantitative  synthesis  of  IrFg  Is  possible 
by  heating  Ir  metal  In  an  atmosphere  of  201  Fz  and  60S  02  [6].  However, 
there  are  applications,  where  oxygen  free  fluorine  is  needed.  A typical 
examples  the  HF-DF  chemical  laser.  It  is  known  [ 7,8]  that  molecular 
oxygen  acts  as  an  inhibitor  for  the  chain  branching  reaction  of  It,  and  F.,. 
In  addition,  the  presence  of  02  causes  the  formation  of  water  which  is  a 
very  strong  deactivator  for  vibrational ly  excited  HF  or  Of  [9].  In  order 
to  obtain  meaningful  baseline  data,  oxygen  free  fluorine  Is  required. 
Furthermore,  in  the  syntheses  of  Urn  very  expensive  platinum  metal  hexa- 
fluorides RuFfi,  RhFg,  and  PtFg  the  yield  of  tire  products  Is  decreased  by 
the  formation  of  the  undesired  and  volatile  [10]  O^HFg  salts.  Similarly, 
In  the.  althaeas  of  RaF7  and  OsFg  tha  presence  of  02  results  In  the 
formaJ^Steaf  the  corresponding  oxide  pentafluorides.  Other  applications 
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requiring  high  purity  fluorine  Include  calorimetry  [1],  and  spectroscopic 
£11.  12]  and  analytical  £3]  studies. 

Previously  described  methods  for  the  purification  of  fluorine  involved 
either  lcw-tamperature  distillation  £2-4],  low  •temperature  uv-photolysls 
£13],  or  the  pyrolysis  of  KjNIFg  In  the  presence  of  KF£4].  These  methods 
have  the  following  shortcomings.  The  low- temperature  distillations  require 
rather  complex  and  expensive  equipment  which  is  beyond  the  reach  of  most 
laboratories.  The  low- temperature  uv-photolysls  Involves  the  Irradiation 
of  liquid  fluorine  in  e glass  apparatus  to  convert  02  to  the  less  volatile 
0^,  followed  by  e distillation  at  90*K.  This  method  is  not  suitable  for 
scale-up,  end  the  handling  of  larger  amounts  of  liquid  fluorine  in  a glass 
apparatus  presents  a potential  haaard.  Tha  pyrolysis  of  I^NlFg-iCF  mixtures 
is  somewhat  cumbersome,  because  the  bulk  of  the  material  and  not  the 
Impurity  must  be  converted  to  a nonvolatile  compound.  In  this  paper,  we 
describe  an  alterritc  method  which  we  have  found  to  be  mora  convenient 
than  those  previously  reported. 


(1)  Removal  of  Oxygen 

He  have  found  that  the  well  known  £14-16]  reaction 

02  ♦ f2  ♦ nSfcF5-^-02SbFg-(n-l)SbF5 

is  Ideally  suited  for  the  removal  of  oxygen  Impurities  from  fluorine. 

Either  heating  £14]  or  uv-pbotolysis  £15]  can  be  used  for  activation  of 
the  reaction.  Of  these  two  activation  energy  sources,  thermal  activation 
Is  preferred  owing  to  Its  scalability  and  simplicity. 

In  a typical  example,  crude  F2  (17  g,  500  mmol)  [17]  and  SbFg  (2.1  g, 

10  mmol)  TIB]  In  a 1.2 1 Monel  metor  were  heated  for  2 h to  460*K.  The  vessel 
was  cooled  to  90*K  and  the  Fj  was  distilled  Into  a container  kept  at  77*K. 

The  excess  of  unreactad  SbFg  was  removed  from  the  Monel  vessel  by  pumping 
at  room  temperature.  Tha  vassal  was  opened  In  a dry  box  and  contained  1.1  g 
of  a white  solid  which  was  identified  by  its  vibrational  spectra  £16]  as 
°2Sb2Fir  Th®  above  procadura  was  repeated  with  pretreated  F2<  In  this 
case,  no  evidence  for  the  formation  of  any  tv  salt  was  obtained  and  the 
reaction  vessel  showed  clean  inner  surfaces.  It  can  therefore  be  assumed 
that  the  oxygen  was  quantitatively  removed  by  a single  heating  cycle. 
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(2)  Renewal  of  Trace  Impurities 

It  1$  known  that  Impurities  which  have  no  measurable  vapor  pressure  at 
90*K  can  be  removed  from  F2  by  a 90  to  77*K  trap-to-trap  distillation. 

For  the  removal  of  the  more  volatile  impurities  CF^,  NF^,  and  OFg,  however, 
lower  temperatures  are  required.  In  our  experience,  a 70  to  63°K  trap-to- 
trap  distillation  can  be  carried  out  with  relative  ease  and  removes  all 
remaining  Impurities,  except  for  Ng  and  Ar  which  usually  do  not  Interfere 
with  most  applications.  Since  the  amount  of  Kg  present  In  conmerclal  Fg 
can  vary  strongly  depending  on  the  batch  and  supplier,  no  meaningful 
number  can  be  quoted  for  the  overall  purity  of  the  Fg  obtained  by  our 
method.  The  temperature  of  63*K  (nitrogen  slush  bath)  Is  easily  obtained 
by  either  pm  ping  on  liquid  Ng  or  by  passing  a stream  of  helium,  precooled 
to  77*K,  through  liquid  Ng.  The  temperature  of  70°K  is  obtained  either  by 
passing  He  through  liquid  Ng  or  by  allowing  a 63®K  trap  to  gradually  warm 
towards  70*K,  The  purity  of  Fg  after  two  70  to  63*K  trap-to-trap 
distillations  was  tested  by  recording  its  Infrared  spectrum  as  a solid 
[12]  at  12°K.  No  detectable  impurities  were  observed.  The  absence  of 
Impurities  volatile  at  70°K  but  nonvolatile  at  63*K  In  the  purified 
fluorine  was  established  by  mass  spectroscopy. 

Thus,  a 70  to  63°K  trap-to-trap  distillation  combined  with  the  0g 
scavenging  method  using  SbFg  provides  a convenient  purification  method  for 
fluorine. 


One  of  us  (KQC)  Is  Indebted  to  Drs.  L.  R.  Grant  and  C.  J.  Schack 
for  helpful  discussions  and  to  the  Office  of  Naval  Research, Power  Branch, 
for  financial  support. 
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The  NF<+  cation  has  successfully  been  coupled  with  the  energetic  NiF*2  anion  in  the  form  of  the  stable  (NF4)2NiF4  salt. 

The  salt  was  prepared  from  Cs2NiFt  and  NF^ibF*  by  metathesis  in  HF.  It  was  characterized  by  elemental  analysis,  vibrational 
spectroscopy,  and  its  x-ray  powder  diffraction  pattern.  Its  hydrolysis  and  thermal  decomposition  were  studied. 


Introduction 

A large  number  of  strongly  oxidizing  complex  fluoro  cations 
and  anions  are  known.  However,  their  potential  application 
as  energetic  oxidizers  had  been  handicapped  by  the  fact  that 
they  formed  stable  salts  only  with  nonencrgetic  counterions. 
The  recent  syntheses1  ’ of  several  stable  NF4+  salts,  derived 
from  relatively  weak  Lewis  acids,  indicated  that  the  NF4* 
cation  might  possess  the  necessary  stability  required  for  its 
successful  combination  with  energetic  anions. 

In  this  paper  we  report  the  synthesis  and  properties  of 
(NF4)2NiF6  which,  to  our  knowledge,  is  the  first  known  ex- 
ample of  a stable  salt  containing  both  a strongly  oxidizing 
complex  fluoro  cation  and  anion.  The  NiF*2  anion  is  well- 
known4  19  and  is  a strong  oxidizer  owing  to  the  fact  that  the 
parent  molecule  NiF4  is  unstable  and  decomposes  to  lower 
nickel  fluorides  and  elemental  fluorine.171* 

Experimental  Section 

Materials  and  Apparatus.  The  equipment  and  handling  procedures 
used  in  this  work  were  identical  with  those  previously  described. 2,1 
The  NF^bl  ft  was  prepared  as  previously™  reported.  The  HF 
(Mathcson)  was  dried  by  F2  treatment21  and  was  stored  over  K2NiF„ 
(Ozark  Mahoning)  prior  to  use.  The  Cs2NiF*  was  prepared  by  heating 
a finely  ground  2:1  molar  mixture  of  dri-sd  CsF  and  NiCI2  (Alfa)  with 
15  mol  of  F2/mol  of  NiCl2  in  a nickel  cylinder  to  250  *C  for  16  h. 
The  volatile  products  were  pumped  off  at  room  temperature.  The 
solid  product  was  finely  powdered  in  the  drybox  and  the  fluorination 
step  was  repeated  as  described  above.  The  weight  and  the  vibrational 
■ spectra  of  the  resulting  crimson  red  solid  were  in  excellent  agreement 
with  those  expected''15,1*  for  Cs2NiF6. 

In  the  infrared  spectrum  of  Cs2NiF4  several  relatively  intense 
previously  unreported  combination  bands  (cm  ')  were  observed.  These 
were  »i  + i/s  (1205  w,  1 187  mw),  i»2  + e,  (1164  mw,  1 144  m),  e,  + 
i<5  (954  sh,  936  w),  r,  + *,  (884  vw),  and  v2  + m4  (842  vw).  From 
these  combination  bands  a splitting  of  v*  into  two  components  with 
frequencies  of  660  and  64t  cm  1 can  be  deduced.  The  observed 
frequencies  (cm  ')  and  relative  intensities  of  the  fundamentals  were 
as  follows:  infrared,  (645  vu,  br),  r4  (331  s);  Raman,  et  [545  (10)1, 
*2  [503  (7.5)1,  , 1294  (4)1, 

Synthesis  of  (NF4)2N1F4.  in  the  glovebox  a mixture  of  Cs2NiF* 
(13.50  mmol)  and  NF^bFi  (27.94  mmol)  was  placed  in  a Vr-in.  o.d. 
Teflon  FEP  <J-trap  which  was  connected  through  a 1 59  °C  coupling 
to  a second  U-irap.  This  coupling  contained  a porous  Teflon  filter 
(Pafi  Corp.).  The  fi\e  ends  of  both  U-traps  were  closed  off  by  valves. 
Both  valves  were  connected  through  flexible,  corrugated  Teflon  FEP 
tubing  to  a vacuum  manifold.  Dry  HF  (10  mL  of  liquid)  was  added 
at  78  °C  to  the  trap  containing  the  reactants.  The  mixture  was 
warmed  to  25  *C  and  stii  red  with  a Teflon-coated  magnetic  stirring 
bar  *or  30  min.  The  U-tubc  and  filter  coupling  were  rioted  to  -78 
*1'  and  the  trap  was  inverted.  The  receiving  trap  was  also  cooled 
to  -78  eC  and  the  solution  above  the  filter  was  pressurized  by  2 atm 
of  dry  nitrogen  to  accelerate  the  filtration.  After  completion  of  the 
filtration,  the  HF  solvent  was  removed  by  pumping  for  12  h at  25 
*C.  The  filte.  cake  consisted  of  1 0. 1 5 g of  a light  brown  solid  (weight 
ealed  for  27.0  mmol  of  CsSbF*  9.95  g)  which  was  identified  by  analysis 
and  vibrational  spectroscopy  as  mainly  CsS’oF,  containing  a small 
amount  of  NF4*  and  NiF*  salts.  The  filtrate  residue  consisted  of 
4.36  g of  a deep  red  solid  (weight  caleii  for  1 3.5  mmol  of  (NF4)2  NiF* 
4.76  g)  which  on  the  basis  of  elemental  and  spectroscopic  analyses 
had  the  following  composiri™  (wt  %):  (NF4)2NiF4, 82,35;  NF*SbFs, 
13.98;  CkSbFi,  3.56.  Ai.J.  Calcd:  Ni,  13.71;  Sb,  6.40;  Cs,  1.28; 
NFj,  36.20.  Found:  Ni.  13.70;  Sb,  6.44;  Cs.  1.31;  NF,,  36.19.  Tlw 


method  for  purifying  this  material  by  recrystallization  from  anhydrous 
HF  at  ambient  temperature  has  previously  been  described20  for 

nf4bf4. 

Hydrolysis  of  (NF4) 2NIF*.  Cauiiottf  The  reaction  of  ( N F<)2NiF4 
with  water  is  very  violent  and  can  result  in  expiations.  About  5 mL 
of  distilled  water  was  frozen  out  at  -196  °C  in  the  upper  section  of 
a Teflon  FEP  U-trap  containing  about  1 mmol  of  (NF4)2NiF4.  The 
frozen  water  was  knocked  down  into  the  bottom  section  of  the  tube 
containing  the  sample  and  the  ice  and  sample  were  mixed  by  agitation 
at  low  temperature.  After  good  mixing  was  achieved,  the  mixture 
was  carefully  warmed  toward  room  temperature  and  as  soon  as 
interaction  was  noticeable,  the  mixture  was  chilled  again  by  liquid 
N2.  This  procedure  was  repealed  until  the  color  of  the  sample  bad 
completely  changed  from  red  to  the  green  color  characteristic  for 
divalent  nickel.  The  products  volatile  at  -78  *C  consisted  of  02,  NF), 
and  OF2.  The  oxygen  was  separated  from  the  NF)  and  QF2  at  -210 
"C,  and  the  NF2:OF2  ratio  was  determined  by  infrared  spectroscopy. 
The  hydrolysate  was  analyzed  for  Ni,  Ca,  Sb  by  both  x-ray  fluorescence 
and  atomic  absorption  spectroscopy.  The  mole  ratio  of  02  to  OF2 
was  found  to  vary  somewhat  from  experiment  to  experiment,  but 
approached  2:1  with  the  total  amount  being  close  to  that  expected 
for  the  reduction  of  N(+ V)  and  Ni(+lV)  to  N(+1I1)  and  Ni(+Il), 
respectively.  Control  experiments  on  the  hydrolysis  of  Ct2NiF4  under 
indentical  conditions  resulted  in  the  evolution  of  02  only  in  amount! 
corresponding  to  the  reduction  of  Ni(-HV)  to  Ni(+ll). 

Pyrolysis  of  (NF4)2NUv  A sample  of  (NF4)2NiF4  (296  mg)  wai 
placed  into  a prepassivated  (with  CIF),  followed  by  F2  at  1 30  *C) 

1 /4-in.  o.d.  stainless  steel  U-tube  (volume  10.46  cm2)  closed  off  on 
both  ends  by  Hrike  valves  (3I32M25).  One  side  of  the  U was 
connected  to  a pressure  transducer  (Vatidyne,  Model  APIO)  and  the 
other  side  to  the  vacuum  line.  The  U-tube  was  kept  at  a constant 
temperature  with  an  oil  bath  and  the  pressure  build-up  was  measured 
as  a function  of  time.  Periodic  evacuation  of  the  system  revealed  that 
the  decomposition  rate  was  not  iniluertcrd  by  the  pressure  of  the 
gaseous  decomposition  products.  The  decomposition  rates  of 
(NF„)2NiF4  were  determined  over  the  temperature  range  80-128  *C. 
All  measurements  were  carried  out  on  anr  sample  starting  nt  the  lowest 
temperature.  At  the  highest  temperature  (128  *C),  an  exhaustive 
pyrolysis  of  the  remaining  undecomposed  82%  of  the  original  sample 
was  carried  out  until  gas  evolution  practically  ceased.  The  evolved 
gas  was  shown  by  infrared  and  mats  spectroscopy  to  be  a mixture 
of  NF)  and  F2  in  a mole  ratio  of  about  2:3.  On  the  bash  of  iu  weight 
loss  and  vibrational  spectrum,  the  solid  residue  from  the  exhaustive 
pyrolysis  was  shown  to  consist  of  the  thermally  more  stable  NF*SbF4 
and  CtSbF*  impurities  and  the  previously  described5’11  ocoatoi- 
chiomctric  brown  nickel  fluoride  NiF}Jl. 

The  thermal  decomposition  was  also  visually  followed  by  heating 
a sample  of  (NF4)2NiF4  in  a sealed  glass  capillary.  At  1 30  °C  the 
color  of  the  sample  changed  from  dark  rod  to  brown  (NiF2i)  which 
at  higher  temperature*  changed  to  gray.  Vibrational  spectra  of  the 
final  decomposition  product  and  those  obtained  from  the  yellow 
pyrolysis  product  of  Cs2NiF4  showed  that  in  both  cues  the  main 
product  was  NiF2  (Raman,  520  vs,  425  #;  IR,  320  sb,  435  a,  to). 

Results  «°>d  Pkrvnlfnt 

Syw&eai*  gad  Pro',  tartie*.  Since  the  NiF*2'  Anion  it  itabk 
in  anhydrous  HF  solution,*-11,17  the  synthesis  of  (NF4)^NiF4 
by  metathesis  appeared  feasible.  Both  NF*SbF4  j»nd  CsjNiF* 
are  highly  solvable  in  HF,  whereas  CsSbF*  is  of  relatively  low 
solubility,  particularly  at  tower  temperature.  Consequently, 
the  following  reaction  was  used  to  prepare  (NF^NiF*: 

HF 

2NF4SbF4  + Cs,NlF, * 2CsSbr4t  + (NF.),NtFt 

-w  °c  mix 
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Table  I.  X-Ray  Powder  Data  for  (NF,),NiF„° 

</(obsd),  A 

dtcalcd),  A 

Intcns 

hkl 

5.46 

5.49 

VS 

002 

3.42 

3.45 

ms 

103 

3.31 

3.31 

s 

310 

2.880 

2.878 

ms 

213 

2.742 

2.738 

mw 

004 

2.407 

2.405 

mw 

33  i 

2.150 

2.150 

* 

422 

1.954 

1.954 

w 

(502 

1432 

1.846 

1.849 

m 

440 

" tetragonal;  c - 10.457  A ,e  = 10.P53  A;Cu  Ka  radiation,  Ni 
filler. 


Table  II.  Crystallographic  Data  of  (NF,),NiF,  Compared  to 
Those  of  Other  (NI  ,),MI?4  Salts® 


u 


Tetragonal  unit  cell 
dimensions 


Calcd 

Vol/T,  density, 


a.  A 

c,  A 

V,  A* 

A1 

g/em5 

(NF, 

(I, Tif.6 

* unis' 

11.114 

1276.0 

17.09 

2.37 

(NF, 

, ) , Nil-'* 

10.457 

10.953 

1197.7 

16.04 

2.61 

(NF. 

YC.ci-Y 

10.627 

11.114 

1255.1 

16.81 

2.59 

(NF, 

.l.SnF,* 

10.828 

11  406 

1337.4 

17.91 

2.73 

1 or 

all  compounds  / - 

'*/>.  6 Reference  1. 

c Reference  3. 

Kcfcrence  2. 


The  optimization  of  a NF,*SbF6-cesium  salt  based  metathetical 
process  and  the  possible  product  purification  have  previously 
been  discussed  in  detail  for  the  corresponding  NF4BF4 
process'0  and  hence  arc  not  being  reiterated. 

The  resulting  (NF4)3NiF0  is  a deep  red  hygroscopic  solid, 
stable  at  room  temperature.  In  the  ubscncc  of  fuels,  the 
compound  is  not  shock  sensitive.  It  crystallizes  in  the  tet- 
ragonal system  (see  Table  I)  and  is  isotypic  with  the  other 
known  (NF«)iMFk  (M  - Gc,  Sn,  Ti)1  ' salts  (see  Table  II). 
As  expected,  the  size  of  the  unit  cell  decreases  from  (NF4)-TiF<, 
to  (NF4)3NiF,,  owing  to  the  transition  metal  contraction  and 
then  increases  again  when  going  from  Ni  to  the  main-group 
elements. 

The  vibrational  I'pectra  of  (NF4)2NiFh  arc  shown  in  Figure 
1 and  the  observed  frequencies  and  their  assignments  arc 
summarized  in  Table  III.  The  observed  frequencies  and 
intensities  are  in  excellent  agreement  with  those  previously 
reported  for  other  NF/  salts'  ' and  KjNiF/1'  and  Cs:NiF* 
(sec  Experimental  Section),  thus  establishing  the  ionic  nature 
of  (NF4)2NiF„, 

Thermal  Decompijslitlo*.  The  thermal  decomposition  of 
(NF4)jNiF*  was  investigated  by  DSC  and  visual  observation 
of  samples  sealed  in  glass  melting  point  capillaries.  The  DSC 
curvet  of  samples  sealed  in  aluminum  pans  indicated  the  onset 
of  very  slow  endothermic  decomposition  between  1 10  to  120 
°C,  which  increased  with  increasing  temperture  and  became 
rapid  be'ween  r.0s>  and  210  ®C.  The  fact  that  (NF4)jNiF* 
undergoes  appreciable  decomposition  well  below  200  °C  was 
confirmed  by  visual  observation  of  samples  sealed  in  glass 
melting  point  capillaries.  Heating  to  1 30  °C  resulted  in  tht 
formation  of  the  brown  nonstoichiometne  NiF2/n  (sec 
Experimental  Secf.ion).  As  previously  discuved.’  ' these  data 
are  only  qualitaiive. 

Since  the  ttjcrmal  stability  of  a powerful  oxidizer,  cuch  us 
(NFjljNiFt,,  is  of  great  practical  importance,  iis  rate  of  de* 
composition  was  quantitatively  studied  b,  total  pressure 
measurements  over  the  temperature  range  X0  (2ft  *C.  The 
decomposition  follows  the  equation 

INI  , i,NiK  • 2N!  I (3  - t;2)l’,  r Mil  , , 

The  decomposition  rate  was  found  to  be  independent  of  the 
gas  pressure,  as  expected  for  an  irreversible  reaction  involving 
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Table  HI.  Vibrational  Spectra  of  Solid  (NF,  ),NiF, 


Obsd  freq 

, cm'1,  and 

rel  intern® 

Assignments  (point 

group)6 

IR 

Raman 

NF,*  <Td) 

Nil-,*'  (Oh) 

2301  vw 

2c,  (A,  + t;  + I\) 

1998  w 

*>1  + c,  (F,) 

1 756  vw 

vj  + s’,  (A,  + Is  + !•',) 

1460  vw 

+ *\  (F)l 

1218  ni 

2v,  (A,  + E + F,) 

1156  vs 

1157(0.1) 

v,  (F,) 

1055  vw 

v,  + »,  (F,  + F,) 

854  vw 

854  (1) 

v,  (A,) 

648  vs 

*0  (1’IU) 

609  m 
604  ih 

609  (0.5) 

K <1,1 

556  vw 

555 (10) 

v,  (A,,) 

512  vw 

512(7) 

MK.J 

457  (0.5) 

) 

454  (0.5) 

(Is) 

443  vw 

7 

332  mw 

(I'm) 

307  (1,5) 

298 (4) 

\ v,  0-lg) 

90(0.1) 

60(0+) 

| lattice  vib 

0 Uncorrected  Human  intensities.  0 1711'  actual  site  symmetries 
of  NI-,*  and  Nil-,1  in  this  sail  are  probably  lower  titan  Td  and  Ok, 
respectively,  us  indicated  by  tlielargc  unit  cell  (7.  - '*/,)  and  the 
observed  slight  deviations  from  the  selection  rules  and  the  liflintt 
of  (he  degeneracy  for  some  of  the  modes;  however,  since  the  actu- 
al site  symmetries  are  unknown,  the  assignments  are  given  for  the 
idealized  point  groups. 


Table  IV.  Rate  Constants  Observed  for  the  Thcrmul 
Dccompositon  of  (NF,  ),NiF, 


T.  X 

It,  s ' 

r „(, 

k » s' ■' 

80 

8.279  x 10  " 

110 

4.197  x 10  * 

90 

2.739  X 10  - 

128 

3.012  X 10  4 

99 

1.165  X 10  * 

the  decomposition  of  the  thermodynamically  unstable  NiF4 
to  NiF: ,.  Owing  to  the  limited  amount  of  sample  available, 
ail  measurements  were  carried  out  on  the  same  sample.  From 
80  to  1 10  °C  the  decomposition  rates  were  measured  only  for 
low  « (fraction  of  material  decomposed)  values.  At  1 28  ®C 
an  exhaustive  decomposition  was  carried  out  for  the  a range 
0.18-1 . Plots  of  « as  a function  of  time  t resulted  in  straight 
lines  for  the  a range  0-0.18  from  80  to  1 10  °C  and  for  a ■ 
0.18-0.6  at  1 28  °C.  From  these  straight  lines,  rate  constants, 
k,  were  calculated  for  each  temperature  (see  Table  IV).  An 
Arrhenius  plot  of  log  k vs.  \(T resulted  in  a straight  line.  The 
fact  that  this  plot  included  the  data  points  obtained  for  both 
low  and  high  a values  strongly  suggests  that  the  decomposition 
rates  are  independent  of « at  o < 0.6.  From  the  Arrhenius 
plot,  the  following  expressions  can  be  derived  for  the  specific 
reaction  rate  constant  (s  ')  and  activation  energy  of  the 
(NF4)2NiFk  decomposition 

k - 4.840  X to,V,MM,fmK) 

A//,  *35.161  keal/mol 

A detailed  study  of  the  exact  decomposition  mechanism  was 
cyond  the  scope  of  this  study.  However,  the  failure  to  observe 
significant  sigmoid  character  for  the  decomposition  curves 
indicates  that  the  decomposition  is  not  autocatalytic.  Fur- 
thermore, the  fact  that  the  decomposition  rates  were  inde- 
pendent of  a over  a large  range  of  a suggests  that  the  de- 
composition occurs  at  active  sites  and  that  the  number  of  these 
sites  is  fixed."  In  view  of  the  experimental  limitations  (only 
one  sample  was  used  and  the  sample  contained  impurities, 
although  these  were  more  stable  than  the  compound  of  in- 
terest), the  above  kinetic  data  will  have  to  be  verified  in  a more 
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FREQUENCY,  cm"1 

Fl**«  1.  Vibrational  spectra  of  solid  (NF<);NiF6:  trace  A,  infrared  spectrum  of  the  dry  powder  in  a silver  chloride  disk,  the  absorption  below 
400  cm  1 (broken  line)  being  due  to  the  AgCI  windows;  trace  B,  Raman  spectrum,  recorded  on  a Cary  Model  83  using  the  647  l-A  line  of 
u Kr  ion  laser  and  a spectral  slit  width  of  2 cm 


detailed  study  on  pure  (NF4)2NiF6. 

The  thermal  decomposition  of  (NF4)2NiFt  differs  strongly 
from  that  previously  reported21  for  NF4AsF„.  Contrary  to  our 
findings  for  (NF,)2NiF6l  the  decomposition  of  NF4AsF*  was 
found  to  be  pressure  dependent  indicating  the  equilibrium 

Nl  , + F,  + Asl  .1  NI',Asl\ 

Because  of  ihc  irreversibility  of  the  (NF4)2NiF6  decom- 
position, the  heat  of  dissociation  and  thereby  the  heat  of 
formation  of  so  id  (NF4)2NiF6  cannot  be  computed.  However, 
in  view  of  its  importance  for  performance  calculations,  the  heat 
of  formation  o'  solid  (NF4)jNiF6  was  estimated  to  be  about 
-230  keal/mol  based  on  the  sequence  (where  all  values  are 
in  keal/moi) 

I Of,  62.8  < 60) 

(Nl  4 ),Nil',(s)  • 2NI  ,(p)  + 21, (y)  4 Nil\,(g) 

J -a*> 

Nil-jig)  + F,(g) 

| 79.4 

Nil  ,<s) 

- 169.6 

The  values  for  the  heat  of  formation24  and  heat  of 
sublimation21  of  solid  NiF2  and  for  the  heat  of  formation  of 
gaseous  NFj2‘  are  literature  values.  The  heats  of  decom- 
position of  gaseous  NiF4  and  solid  (NF4)2NiF6  arc  estimates. 
The  latter  estimate22  is  based  on  the  known24  value  of  -34.6 
keal/mol  of  the  reaction  NF4BF4(s)  — NF,(g)  + F2(g)  + 
BFj(g),  A value  for  the  heat  of  formation  of  (NF4)2NiFs  being 
slightly  more  negative  than  -222  keal/mol  (A///#(NiF2(s)) 
+ 2A///°(NFj(g)))  is  supported  by  our  DSC  measurements 


which  showed  the  decomposition  of  (NF4)2NiFt  to  be  mildly 
endothermic. 

Hydrolysis.  The  hydrolysis  of  (NF4)2NiF*  can  be  described 
approximately  by  the  equation 

2(NI„),NiF,  + SH.O-4NF,  + I0III-  + 20,  + OF,  + 2NiF, 

Whereas  the  NFj  evolution  and  formation  of  -HI  Ni  were 
quantitative,  the  ratio  of  02:0F2  varied  from  experiment  to 
experiment.  The  observation  of  significant  amounts  of  OF2 
was  quite  unexpected  since  neither  NF/  nor  NiF/"  alone 
produces  OF2  during  hydrolysis.  This  was  verified  by  studying 
the  hydrolysis  of  Cs2NiF6  which,  in  agreement  with  a previous 
report,'1  produced  only  02  according  to 

2NII-V  + 2H,0  — 4HF, ' + 2NII  , + O, 

The  hydrolyses  of  NF/  salts  containing  nonoxidizing  anions 
have  been  studied  previously.  Although  02  evolution  had  not 
always  been  quantitative,  H202  and  not  OF2  had  been  the  only 
observed  by-product.1  It  thus  appears  that  the  combination 
of  NF/  and  NiF/  is  requited  to  produce  significant  amounts 
of  OF2.  A plausible  explanation  for  the  formation  of  OF2  is 
the  fluorination  of  HOF,  a likely  intermediate  in  the  rapid 
hydrolysis  of  NF/,1  by  the  hydrolytically  more  stable  NiF/" 
according  to 

NF/  f 2 HUH  - FOU  + 11,0*  \ NF, 

I OH  + Nil-/  - FOF  + III-  4 NiF  V 

Stnuttwy 

The  successful  synthesis  of  (NF4)2NiF6  is  significant  since, 
to  our  knowledge,  it  is  the  first  combination  of  a strongly 
oxidizing  complex  fluoro  cation  with  a strongly  oxidizing 
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complex  fluoro  anion  in  the  form  of  a stable  salt.  Its  potential 
as  an  oxidizer  and  an  ingredient  for  a solid  propellant  NFj~F2 
gas  generator2-2**30  for  chemical  HF-DF  lasers  becomes  evident 
from  the  following  comparison.  On  thermal  decomposition, 
1 cm3  of  solid  (NF4)2NiF6  is  capable  of  producing  12%  more 
useful  fluorine  values,  i.e.,  in  the  form  of  F2  and  NFj,  than 
liquid  Fj  at  -187  °C.  Furthermore,  (NF4)2NiF4  is  a stable 
solid  at  ambient  temperature  which  can  be  safely  stored 
without  requiring  cryogenic  cooling.  The  physical  and 
spectroscopic  properties  of  (NF4)4NiF6  are  in  excellent 
agreement  with  those  predicted  for  a solid  containing  NF4+ 
and  NiF42  ions.  The  only  unexpected  property  was  the 
observation  of  significant  amounts  of  OF2  during  hydrolysis. 
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OX  THE  SYNTHESES  AND  PROPERTIES  OF  SOME  HEXAFLUOROBISMUTHATE 
(V)  SALTS  AND  THEIR  USE  IH  THE  METATHETICAL  SYNTHESIS  OF  NF^ 
SAITS 

KARL  0.  CHRISTE,  WILLIAM  W.  WILSON,  and  CARL  J.  SCHACK 


Rocketdyne,  A Division  of  Rockwell  International,  Canoga  Park, 
California  91304 


SUMMARY 

The  salts  L1B1Fg,  NaBI Fg , KB1Fg,  CsBIFg  and  NF^BIFg  were 
prepared  and  characterized.  Differences  In  the  observed  numbers 
and  relative  Intensities  of  soem  of  the  Renan  bands  of  these  salts 
are  explained  by  crystal  effects.  Solubilities  of  these  salts  In 
anhydrous  HF  at  >78”  were  determined  and  compared  to  those  of  the 
cor'jspondlng  SbFj  salts.  It  was  shown  that,  contrary  to  a previous 
report,  CsBI^  does  not  exhibit  ar\y  unusual  properties  such  as 
forming  a mushy  volatile  HF  adduct.  The  potential  of  NF^BIFg  based 
metathetlcal  processes  for  the  production  of  other  NF4  salts  was 
evaluated.  The  novel  H30+B1Fg  salt  was  prepared  and  characterized. 

The  usefulness  of  B1Fg  for  water  removal  from  HF  Is  briefly  discussed. 


INTRODUCTION 

In  the  course  of  our  work  on  oxonlum  salts  [1]  and  metathetlcal 
• NF4  salt  processes  [2-6],  we  became  Interested  In  pentavalent  bismuth 
compounds  as  possible  replacements  for  the  corresponding  antimony 
compounds.  For  example,  the  use  of  the  less  volatile  B1Fg  has  been 
proposed  [1],  but  has  never  been  tested,  as  an  alternative  to  SbF& 
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for  removal  of  small  amounts  of  water  from  HF.  Because  WF^BI Fg  has 
become  readily  accessible  by  direct  thermal  synthesis  from  NFj,  F,, 
and  BiFK[7],  It  holds  potential  as  a starting  material  In  meta- 

3 4. 

thetlcal  processes  for  the  production  of  other  less  accessible  NFj 
salts.  However,  its  usefulness  in  such  a process  depends  on  the 
relative  solubilities  of  Its  salts  in  a suitable  solvent,  such  us 
anhydrous  HF.  Although  BIFg  salts  have  been  known  [8]  since  19S0, 
only  a small  number  of  papers  £7,  9-18]  dealing  with  BIFj  salts 
have  been  reported  since  then,  and  some  of  the  reported  data  are 
very  much  open  to  question.  For  example,  Surles  and  coworkers 
reported  [13]  that  HF  formed  a stable  adduct  with  CsBiFg  and  that 
this  adduct  readily  sublimed  on  heating.  Consequently,  a more 
systematic  study  of  8iFg  salts  was  necessary  in  order  to  be  able  to 
properly  evaluate  the  potential  of  BIFj  salts  in  the  above  applications. 


EXPERIMENTAL 
Materials  and  Apparatus 

The  apparatus,  handling  procedures,  and  the  method  used  for  the 
HF  drying  have  previously  been  described  [ 1,6],  Bismuth  pentafluoride 
(Ozark  Mahoning  Co.)  did  not  contain  ar\y  detectable  impurities  and 
was  used  as  received.  Antimony  pentafluoride  (Ozark  Mahoning  Co.) 
was  distilled  prior  to  use.  Lithium  fluoride  (Baker,  A.  R.)  and 
KaF  (MCB,  Reagent  grade)  were  used  as  received.  Potassium  fluoride 
(Allied,  Reagent  grade)  and  CsF  ( KB I ) were  dried  by  fusion  in  a 
platinum  crucible  and  powdered  in  the  drybox.  The  syntheses  of 
NF^B1Fg  [ 7]  and  NF^SbF^  [ 4]  hove  previously  been  described.  Except 
for  NaBF4  which  was  obtained  from  H3B03  and  Na2C03  in  concentrated 
aqueous  HF  solution,  all  the  alkali  metal  tetrafluoroborates  were 
prepared  by  Introducing  a slight  excess  of  gaseous  BF^  into  stirred 
solutions  of  the  corresponding  alkali  metal  fluorides  in  anhydrous 
HF  at  20 ®,  followed  by  removal  of  the  volatile  products. 

Syntheses  of  flIFg  and  SbFj  Salts 

For  the  syntheses  of  the  Alkali  metal  hexafluorobismuthatus, 
equimolar  amounts  of  finely  powdered  alkali  metal  fluoride  and  B1Fg 
were  hasted  in  a Monel  cylinder  for  severe!  days  to  280*  under  2 atm 
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of  Fg.  The  vibrational  spectra  of  the  resulting  products  showed  no 
evidence  for  the  presence  of  either  unreacted  BiFg[19]  or  polybismuthate 
salts  T7].  When  these  reactions  were  carried  out  at  ISO0,  however,  the 
products  contained  some  polybismuthate  salts.  The  alkali  metal  hexa- 
fluoroantimonates  were  prepared  in  a similar  manner  by  heating  equimolar 
mixtures  of  SbFg  and  the  corresponding  alkali  metal  fluoride  in  a Fj 
atmosphere  to  280*.  Again,  vibrational  spectra  of  the  solid  products 
showed  no  evidence  for  the  presence  of  polyantiuonates. 


Spectra 

Infrared  spectra  of  solids  were  recorded  as  dry  powders  between 
pressed  AgCl  or  AgBr  disks  on  a Perkin  Elmer  Model  283  spectrometer. 
Raman  spectra  were  recorded  in  glass  melting  point,  quartz  or  Kel-F 
capillaries  on  a Cary  Model  83  spectrophotometer  using  the  4880A  exciting 
line  of  en  Argon  ion  laser.  Debye-Scherrer  powder  patterns  were  taken 
using  e GE  Model  XRO-6  diffractometer  with  nickel  filtered  copper  Km 
radiation  and  quartz  capillaries  as  sample  containers.  The  thermal 
decomposition  of  salts  was  examined  with  a Perkin  Elmer  differential 
scanning  calorimeter  (Model  DSC- IB)  using  crimp-sealed  aluminum  pans 
as  sample  containers  end  a heating  rate  of  2.50/Kin  at  atmospheric 
pressure. 


Solubility  Measurements 

Solubilities  of  the  salts  in  anhydrous  HF  at  -76°  were  measured 
in  an  apparatus  similar  to  that  previously  described  [6]  for  metethetical 
reactions,  except  for  eliminating  trap  I.  Saturated  solutions  were 
prepared  at  -78°  end  separated  from  excess  undissolved  salt  by  filtration 
at  -78°.  The  HF  solvent  was  pumped  off  at  ambient  temperature,  and  the 
amount  of  HF  used  and  of  the  solid  residues  obtained  after  HF  removal 
were  determined  by  weighing. 


Metethetical  Reactions 

Metethetical  reactions  between  NF^BIFg  or  NF^SbFg  and  different 
alkali  metal  tetrafluoroborates  in  anhydrous  HF  solution  were  carried 
out  as  previously  described  [ 4,6]. 
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Bismuth  pentafluorlde  (10. OB  nmol)  was  transferred  in  the  glove 
box  into  a passivated  (with  C1F3)  Teflon  FEP  ampule  containing  a Teflon 
coated'magnetlc  stirring  bar.  Anhydrous  HF  (10.12  g)  which  had  been 
stored  over  BiFg  was  condensed  into  the  aapule  at  -196s.  The  mixture 
was  warmed  to  room  temperature,  and  the  Raman  spectrum  of  the  resulting 
clear  solution  was  recorded.  It  showed  bands  similar,  but  not 
identical,  to  those  expected  for  either  Bi Fg  (sec  below)  or  solid  B1Fg 
[16,  19].  The  ampule  was  cooled  to  -196s,  and  distilled  H^O  (10  nmol) 
was  syringed  into  the  ampule.  On  warm  up  to  ambient  temperature,  a 
copies  white  precipitate  was  formed.  The  mixture  was  stirred  for  ten 
hours  at  25s.  The  Raman  spectrum  of  the  clear  solution  above  the  white 
solid  precipitate  showed  the  bands  characteristic  for  8iFg  (see  below). 
Removal  of  the  HF  solvent  In  a dynamic  vacuum  at  -45s  resulted  in  the 
formation  of  a white  sulid  (3.s'69g,  weight  calcd  for  10.08  mmol  of 
H^OB'Fg  * 3.447g)  which  was  Identified  by  Raman  and  Infrared  spectro- 
scopy as  H30*B1Fg.  This  solid  was  stable  at  ambient  temperature  only 
under  an  HF  pressure  of  about  2lw.  On  evacuation  of  the  ampule,  the 
white  solid  would  immediately  turn  dark  brown.  When  the  valve  of  the 
ampr.ie  was  closed  to  allow  the  pressure  to  build  up  again,  the  white 
color  of  the  sample  was  restored.  Complete  decomposition  of  H^OBIF^ 
in  a I'ynamlc  vacuum  at  35*for  3 days  resulted  in  a light  crea-i  coiored 
solid.  Based  on  its  weight,  physical  properties  (nonhygroscopic, 
insoluble  <n  H^O  and  aqueous  HC1,  sublimi nation  at  the  softening  point 
of  glass),  and  elemental  analysis  (found:  B1,  77.2;  F,  23,3;  0,  0.2; 
calcd  for  BiF3:  8i , 7B.57,  F,  21.43;  0,  0)  this  solid  appeared  to  be 
mainly  B1F3.  The  vibratio.:al  spectra  of  the  solid  decomposition 
product  did  not  show  any  evidence  for  the  presence  of  either  H30+ 
or  BiFj- 


RESUUTS  AMD  DISCUSSION 

Syntheses  and  Properties  of  Hexafluorobismuthates 

The  alkali  metal  hexafluorobismuthates  ware  prepared  from 
equimolar  amounts  of  BiFg  and  the  corresponding  alkali  metal  fluoride 
by  heating  to  280*  in  a Monel  cylinder.  Fluorine  was  added  to  the 
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cylinder  to  suppress  possible  decomposition  of  B1 Fg  to  BiFj  and  F£ 

This  synthesis  is  similar  to  that  [9]  previously  reported,  except 
for  using  a significantly  higher  temperature.  Using  the  previously 
reported  £ 9]  temperature  conditions  (85-150°),  the  product  always 
contained  s me  polyblsmuthate  salt.  For  the  syntheses  of  the  alkali 
metal  hexaf’uoroantimonates,  similar  reaction  conditions  were  required 
to  suppress  the  formation  of  polyanttaonates. 

The  rather  unusual  properties  previously  reported  [13]  for  CsB1Fg 
could  not  be  confirmed.  Thus,  CsDiFg  was  quantitatively  recovered  from 
HF  solutions  by  pumping  at  ambient  temperature,  without  any  evidence 
for  the  formation  of  a stable  CsB1rg-xHF  adduct.  Furthermore,  no 
evidence  was  found  for  sublimation  without  decomposition  for  either  HF 
treated  or  untreated  CsBI Fg . DSC  data  obtained  for  Cs81Fg  showed  a small 
reversible  endotherm  at  190°,  attributed  to  a phase  change,  and  the  onset 
of  a large  endotherm  at  308°,  attributed  to  decomposition.  Thermal 
decomposition  of  CsB1Fg  around  300°  was  confined  by  visual  observation 
of  samples  sealed  in  melting  point  capillaries.  At  this  temperature, 
sublimation  of  B1Fg  to  the  colder  parts  of  the  capillary  occurred.  For 
comparison,  DSC  data  were  also  recorded  for  CsSbFg.  They  showed  a small 
reversible  endotherm  (phase  change)  at  137“  and  the  onset  uf  endothermic 
decomposition  at  296°.  These  data  show  that  the  thermal  stabilities  of 
Cs:ibFg  and  CsBiFg  are  similar,  with  the  bismuth  salt  being  slightly  more 
stible. 

The  vibrationa1  spectra  of  the  alkali  metal  hexafluoroblsmuthates 

were  also  recorded  and  showed  some  remarkable  differences  (see  Figu.e  1). 

Particularly,  the  Raman  active  deformation  mode  exhibited  different 

numbers  of  bands  and  intensity  ratios.  In  order  to  deterwl ne  whether 

the  observed  splittings  were  caused  by  the  simultaneous  presence  of 

more  than  one  crystal  modification,  the  Debye-Scherrer  powder  patterns 

of  these  compounds  were  recorded.  In  excellent  agreement  with  a 

previous  report  [10],  It  was  found  that  L1B1Fg  and  NaB1Fg  were 

rhombohedrol  (L1SbFg  type),  KBiFg  was  cubic  (low-tempera+ure  a- 

modi fl cation) , and  Cs8iFg  was  rhombohedrel  (K0sFg  type).  No  evidence 

was  found  for  the  presence  of  other  modifications  in  either  the 

thermally  prepared  (280°)  or  the  HF  recrystallized  (-78°)  samples.  The 

observed  splittings  can  be  readily  explained,  however,  by  solid  state 

— ** 

effects.  In  the  rhosioliedral  compounds  (space  group  R3-C^,  Nr.  148, 

1 molecule  per  Bravais  cell  [10]),  the  site  symmetry  of  B1Fg  is  C^. 
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Figure  1. 

Infrared  spectrum  of  CsB1Fg 
and  Raman  spectra  of  CsB1Fg, 
KBIFg,  KaBIFg,  and  LiB1Fg. 
The  infrared  spectrum  was 
recorded  as  a dry  powder 
between  pressed  AgCl  disks. 
The  broken  line  is  due  to 
absorption  by  the  window 
material. 
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TABLE  I. 

Correlation  Table  for  Isolated  BiFg  of  Point 
Group  0^  and  for  Site  Symmetry  Cg^ 


°h 

C31 

Aig 

Ag 

E_ 

E 

9 

g 

F0 

A + 

E 

2g 

g 

g 

Flu 

Au  + 

Eu 

F2u 

V 

Eu 

Therefore,  from  Table  I only  the  F2g  mode  in  the  Raman  and  the  Flu  modes 
in  the  infrared  are  expected  to  be  split  into  two  components.  For  cubic 
KBiFg  (space  group  Ia3,  Nr.  206)  the  site  symmetry  of  BiFg  is  again  C3i  * 
but  since  the  Bravais  cell  contains  four  molecules,  factor  group  splitting 
can  further  cause  the  doubly  degenerate  Eg  modes  to  split  Into  two 
components.  These  predictions  are  in  good  agreement  with  our  observations 
(see  Figure  1),  except  for  NaBiFg  which  exhibits  only  one  Raman  band 
in  the  B1F"  deformation  region.  This  lack  of  splitting  for  NaBiFg 
is  attributed  to  a coincidence  of  t’ frequencies  of  the  Ag  and  the  Eg 
components  of  vg.  This  is  plausible  ;>1nce  the  weaker  (probably  the 
Eg)  component  has  a higher  frequency  in  LIBiFg  and  a lower  frequency 
In  CsBIFg  than  the  more  Intense  (probably  the  Ag)  component.  The 
frequency  separation  of  the  two  components  in  NaBiFg  must  be  rather 
small  since,  even  at  a spectral  slit  width  of  1 cm-*,  we  could  not 
resolve  the  band  into  two  components. 

The  infrared  spectrum  of  CsBiFg  (see  Figure  1)  shows  a very 
Intense  and  broad  band  for  the  antisymmetric  BiFg  stretching  mode  v3 
(Flu)  at  570  cm"1.  It  exhibits  a pronounced  shoulder  at  590  cm'1  which 
probably  represents  the  second  component  of  v3  predicted  for  C3<  symmetry 
(see  Table  1).  In  addition,  several  Infrared  allowed  combination  bands 
were  observed  (see  Figure  1).  From  these,  the  frequencies  of  the  two 
remaining  deformation  aiodes  can  be  derived  as:  v^(F^u)  ■ 277  and  Vg(F2u) 

■ 147  cm-1.  It  should  be  noted  that  the  combination  bands  Involving 
Vg  show  splittings  of  about  20  cm"1,  analogous  to  that  exhibited  by  v3 
Itself.  This  lends  further  support  to  the  above  assignments. 
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The  previously  reported  [16]  Raman  spectrum  of  N0B1 Fg  exhibits 
the  same  splittings  and  intensity  pattern  as  a-KBi  Fg,  indicating  that 
the  two  compounds  are  probably  Isotypic.  Of  the  six  frequency  values 
reported  by  Bougon  and  coworkers  [14]  for  BiFg,  v4  and  vg  appear  too  low 
and  should  be  revised.  In  agreement  with  a previous  report  [7],  it  was 
found  that  infrared  spectroscopy  is  well  suited  for  the  detection  of 
polybiswuthate  Impurities  in  BiFg  salts.  The  polyanions  result  in  an 
Intense  Infrared  band  at  around  440  cm”\ 

Solubility  Measurements 

The  metathetical  production  of  NFj  salts  Is  based  on  the  following 
principle.  A readily  available  and  highly  soluble  NF^  salt,  such  as 
NF^SbFg,  is  reacted  In  a suitable  solvent,  such  as  anhydrous  HF,  with 
an  alkali  metal  salt  containing  the  desired  anion.  If  the  alkali 
metal  Is  chosen  in  such  a manner  that  the  starting  materials  and 
the  desired  NF^  salt  product  are  highly  soluble  and  the  resulting 
alkali  metal  SbFg  salt,  for  example,  is  of  very  low  solubility, 
the  following  general  equilibrium, where  X*Sb»can  be  shifted  far  to 
the  right  hand  side: 

MY  + NF4XF6 — ►MXFgj  + NF4Y 

The  principle  has  been  demonstrated  for  salts  where  Y ■ BF4[2-4], 

SnFg"[  6] , T1Fg"[  5],  and  N1Fgl20].  Prior  to  now.X  had  always  been 
Sb;  but  the  case  where  X could  be  B1  had  not  been  tested.  Since 
NI;4BiFg  has  recently  become  readily  available  by  direct  synthesis 
[7],  and  since  an  extrapolation  of  crude  solubility  data,  previously 
measured  [ 2]  for  alkali  metal  XFj  salts  (X»As,  Sb)  in  HF  at  room 
temperature, Indicated  that  LIBi Fg  might  possess  the  lowest  solubility 
of  any  MXFg  salt,  quantitative  solubility  data  for  MXFg  salts  In 
anhydrous  HF  were  desired.  These  data  should  allow  to  determine 
whether  a Bi.'g  based  process  would  offer  any  significant  advantages 
over  one  based  on  SbFg. 

The  solubilities  of  NF4  and  of  several  alkali  metal  BiFg  and 
SbFg  salts  were  measured  In  anhydrous  HF  at  -76s.  The  low  tempera- 
ture was  chosen  based  on  our  past  experience  [4],  The  results  of  our 
measurements  are  simmarlzed  in  Table  II.  As  can  be  seen,  the  measured 
solubilities  clearly  favor  a process  based  on  a cesium  rather  than  a 
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lithium  salt.  Furthermore,  the  solubility  of  CsB1Fg  Is  only  slightly 
lower  than  that  of  Cs5bFg,  thus  not  compensating  for  the  significantly 
lower  solubility  of  the  NF^BIFg  starting  material  In  HF  and  Its  less 
favorable  formation  rate  [7],  compared  to  those  of  NF^SbFg[4], 
Consequently,  based  on  all  the  presently  available  experimental  data, 
a Cs$bFfi  based  process  appears  to  be  the  most  attractive  method  for  the 
metathetlcal  preparation  of  other  NF^  salts. 


TABLE  II 

Solubilities  of  Various  B1F7  and  SbFl  Salts 
In  Anhydrous  HF  at  -78° 


v^ln1on 

Cat1on^\ 

SbF- 

B1F- 

a 

b 

a 

b 

< 

239.0 

0.7951 

173.1 

0.4191 

L1+ 

9.21 

0.0379 

11.9 

0.0361 

Na+ 

7.48 

0.0289 

25.6 

0.0740 

K+ 

c 

c 

20.2 

0.0558 

Cs+ 

1.80 

0.00488 

1.71 

0.00373 

a)  In  mg  of  solute  per  g of  HF 

b)  In  mole  of  solute  per  lOOOg  of  HF 

c)  not  measured 


I ^tathetlcal  NF^BF^  Production 

Since  in  the  metathetlcal  production  of  NF^BF^  highly  concentrated 
HF  solutions  are  used,  the  activity  coefficients  of  the  Ions  are  expected 
to  differ  significantly  from  those  of  the  more  dilute  solutions  of  the 
solubility  measurements.  Consequently,  the  knowledge  of  solubility  data 
Is  Insufficient  to  predict  accurately  the  product  composition  obtainable 
from  metathetlcal  experiments. 
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Metathetlcal  NF^8F^  production  runs  using  different  MBF^  and 
NF^XFg  salts  In  HF  were  carried  out.  Typical  results  from  such  experi- 
ments are  shown  In  Table  III.  As  can  be  seen,  the  data  of  lai/les  II  and 
III  are  only  In  qualitative,  but  not  quantitative,  agreement.  As 


TABLE  III. 


Comparison  of  the  Composition  of  the  Crudi 
Products  Obtained  by  *he  Metatheses  of  NF] 
Salts  with  Different  Alkali  Metal  Tetra- 
fluoroborates  in  HF  at  -78° 


System* 

Composition  of  Product  (weight  %) 

NF-BF A 

4 4 

nf4xf6 

MXF6 

L1BF4  - NF^SbFg 

81.7 

8.4 

9.9 

libf4  - nf4bif6 

86.7 

5.9 

7.4 

NsBF4  - NF4SbFfi 

68.3 

12.6 

19.1 

K8F4  - NF4SbFg 

15.3 

79.6 

5.1 

CsBF4  - NF4SbFg 

85.4 

13.3 

1.3 

(a)  A 5 mole  t excess  of  the  NF4 

salt  was 

used  In  all  runs 

except  for  the  L1BF4  - NF^BIFg  system,  where  approximately 
stoichiometric  amounts  of  starting  materials  were  used. 


expected,  the  solubilities  of  the  alkali  metal  hexafluoro-antlmonates 
and  bismuthates  are  much  higher  in  the  concentrated  solutions  of  the 
metathetical  runs.  Furthermore,  Table  III  shows  that  a cesium  salt- 
based  process  results  in  the  best  product  purity.  The  extremely 
low  yield  of  NF^BF^  for  the  KBF4  - NF^SbFg  system  Is  caused  by  KBF^ 
being  less  soluble  In  HF  than  KSbFg.  Keeping  tho  difference  In  the 
stoichiometry  of  the  used  starting  materials  in  mind,  (sie  footnote 
of  Table  III)  the  results  obtained  for  the  LIBF^  - NF^SoFg  and  the 
LlBF^  - NF^BIFg  system  are  roughly  comparable. 
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Oxonium  Hexafluoroblsmuthate 

Our  Interest  In  the  possible  existence  of  H30+B1Fg  was  twofold. 
The  salt  has  previously  been  proposed  [1]  as  a potential  candidate 
for  the  removal  of  traces  of  water  from  HF.  Furthermore,  Its 
possible  formation  In  wet  HF  solutions  of  B1Fg  might  Interfere  with 
metathetlcal  experiments,  or  result  In  undesired  by-products, 
particularly  when  B1Fg  salts  are  prepared  from  B1Fg  and  alkali 
metal  fluorides  In  h>  solution  [13]. 

It  was  found  that,  contrary  to  a previous  literature  report 
[13],  BIFg  Is  quite  soluble  In  anhydrous  HF  and  has  a solubility  In 
excess  of  300  mg  of  B1Fg  per  g of  HF  at  22°.  The  Raman  spectrum  of 
this  solution  (Figure  2,  trace  A)  significantly  differs  In  the 
deformation  region  from  those  of  the  B1Fg  anion  In  HF  solution 
(Figure  2,  trace  B)  and  of  solid  BiFg  [16,  19],  but  Is  not 
unreasonable  for  an  associated  hexacoordlnated  bismuth  fluoride. 

On  addition  of  water  to  this  solution  a copious  white  pre- 
cipitate formed.  The  formation  of  this  less  soluble  solid  In  the 
presence  of  small  amounts  of  water  could  explain  the  previous  report 
[13]  on  the  low  solubility  of  81 Fg  In  supposedly  anhydrous  HF.  The 
Raman  spectrum  (Figure  2,  trace  8)  of  the  HF  solution  above  the 
white  solid  showed  one  polarized  (591  cm*')  and  two  depolarized 
bands  (520  and  220  cm"').  In  agreement  with  our  expectations  for 
octahedral  B1Fg.  These  frequency  values  are  similar  to  those 
observed  for  the  alkali  metal  B1Fg  salts  In  the  solid  state  (see 
above).  The  Raman  spectrum  of  the  precipitate  was  also  recorded 
and  was  similar  to  that  of  the  liquid  phase.  These  observations 
show  that  water  addition  converts  HF  dissolved  B1Fg  Into  a B1Fg 
salt. 

Further  identification  of  the  formed  precipitate  was  achieved 
by  pumping  off  the  HF  solvent  at  -45*.  Based  on  the  observed  material 
balance  and  vibrational  spectra,  the  following  reaction  occurred 

H20  + HF  + B1Fg  — — H30+B1Fg 

The  Raman  spectra  of  the  solid  product  (Figure  2,  traces  C)  showed 
the  presence  of  the  bands  characteristic  for  B1Fg  (see  above)  and 
H30+  [ H ] . The  presence  of  these  Ions  was  further  confirmed  by 
Infrared  spectroscopy  at  -196°  which  showed  a strong  band  at  3240  cm"' 
with  a shoulder  at  3000  an*'  due  to  H30+  stretching  and  a very  intense 
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Figure  2.  Raman  spectra  of  a 1 molar  solution  of  BiFg  In  HF  (trace  A) , 
a saturated  solution  of  HjOBiF^  in  HF  (trace  B) , and  of  solid  H^OBiF^ 
(traoe  C) . All  apectra  were  recorded  at  roan  temperature.  P and  Dt> 
indicates  polarized  and  depolarized  lines,  respectively. 
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broad  band  with  maxima  at  598,  566  and  538  cm*1  due  to  B1Fg  stretching. 

The  splittings  for  the  BIFj  stretching  mode  Is  not  surprising  since 
at  the  low  temperature  rotational  motions  of  the  Ions  In  the  crystal 
lattice  are  frozen  out[l]  causing  symmetry  lowering  due  to  strong 
anion-cation  interactions.  The  same  temperature  effect  was  observed 
for  the  Raman  spectra.  At  -100*.  the  594  cm"1  band  was  observed  to 
split  Into  the  following  bands:  595  vs,  586  s,  574  nw,  562  w,  555  sh. 

An  Interesting  behavior  was  observed  for  solid  H30B1Fg.  At 
ambient  temperature,  HjOBIFg  appears  to  be  stable  only  under  an  HF 
pressure  of  about  20  torr.When  the  HF  Is  pumped  off,  the  compound 
turns  Instantly  dark  brown  Indicating  hydrolysis  of  B1Fg[9].  When 
the  HF  pressure  Is  restored,  the  solid  turns  white  again.  The  nature 
of  the  decomposition  product  was  established  by  allowing  a sample  of 
HjOBIFg  to  completely  decompose  In  a dynamic  vacuum  for  3 days  at  35*. 

The  solid  residue  was  found  to  be  mainly  B1F3,  as  expected  from  the 
known  [9]  hydrolysis  of  B1Fg.  Based  on  these  observations.  It  appears  that 
H3°B1F6  f1rtt  undergoes  a reversible  dissociation  according  to 


H3QB1FC H20  + HF  + 81  Fg 

followed  by  the  irreversible  hydrolysis 

B1Fg  + H20  B1F3  + 2HF  + l/202 

with  the  first  step  being  strongly  suppressed  by  HF. 

Although  the  thermal  stability  of  H30B1Fg  appears  to  be  lower 
than  that[1]  of  HjOSbFg,  the  following  reaction  cycle  might  offer 
a convenient  method  for  drying  HF: 


B1Fg  + H20  + HF ► HjOBIFg 

HgOBIFg ►BIFj  + 3HF  ♦ l/202 

B1F3  + F2 B1F5 

H20  + F2 -2HF  + l/202 
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The  advantage  of  this  cycle  over  one  using  SbFg  would  be  that  B1 F&  Is 
a nonvolatile  solid  which  Is  easier  to  handle..  As  shown  by  the  above 
equations,  the  proposed  cycle  amounts  to  a fluorlnatlon  of  water  to 
yield  HF  and  oxygen.  Although  this  objective  can  also  be  achieved 
by  a ;1rect  treatment  of  wet  KF  with  high  pressure  fluorine  with 
agitation  [1],  the  proposed  cycle  could  offer  practical  advantages. 
For  example.  In  the  proposed  cycle  the  fluorlnatlon  step  could  be 
limited  to  a relatively  small  amount  of  BiFj  Instead  of  treating 
the  bulk  of  the  HF  with  a large  excess  of  high  pressure  fluorine 
which  has  to  be  recovered. 
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SHORT  COMMUNICATION 

On  the  Synthesis  of  the  N?F*  Cation.  A Critical  Comment  on  the 
Paper  by  Toy  end  Strlngham. 


K.  0.  Christe,  C.  J.  Schack,  end  R.  D.  Wllnon 


Rocketdyne,  A Division  of  Rockwell  International,  Canoga  Park, 
California  9130k  (USA) 


Toy  and  St r Ingham  recently  reported  [1]  the  synthesis  of  N^F* 
(cf3)3co*.  a salt  containing  the  novel  pentaf luorchydrazinlum  cation. 
This  cation  would  be  of  significant  academic  and  practical  Interest 
[2]  since  It  would  constitute  the  first  known  example  of  a substituted 
NF ^ cation,  1 «e.  an  NF^  cation  In  which  a fluorine  ligand  is  replaced 
by  an  NF^  group.  According  to  the  authors  of  [1],  N^CCF^CO'  was 
formed  In  a very  unusual  reaction  involving  the  transfer  of  a 
fluorine  cation  from  (CF^COF  to  N^F^  according  to: 


(CF3)3COF— (CF3)3C0‘  + F+~ 


•N,F*(CF  ) C0‘ 
2 5 3 3 


Since  such  a heterolytlc  fission  [3]  of  (CF^COF  with  F+  formation 
Is  unlikely,  the  reported  flj  synthetic  and  spectroscopic  evidence  for 
V5<CF3)3C0  was  critically  reviewed.  The  following  points  Indicate 
that  the  reported  white  solid  is  not  NjF^CFjJjCO",  but  most  likely  the 
known  [4]  compound  (N0*)2$lF2j. 

(1)  The  reference,  cited  by  the  authors  of  [1]  for  the  known 
existence  of  NjF*,  Is  Sheppard  and  Sharts1  book  on  Organic 
Fluorine  CHmlstry  (Benjamin,  New  York  1969.  page  328). 

Although  this  book  lists  t.e  reaction  of  N^F^  with  AsF? 
to  yield  NjFjAsF^,  this  is  clearly  a typographical  error. 
Examination  of  the  original  reference  [5]  shows  that  the 
product  from  this  reaction  is  NjFjAsF^,  In  agreement  with 
other  previous  reports  C6.7],  and  unpublished  results  from 
this  laboratory. 
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(2)  It  was  also  reported  [1]  that  the  white  solid  was  fortiied 
only  In  a Pyrex  vessel,  but  not  In  a copper  vessel.  The 
slow  reaction  proceeded  with  the  formation  of  a brown 
gas.  This  Is  charcterlstic  of  the  well  known  [8]  attack 
of  glass  by  nitrogen  fluorides  to  form  (N0)2$lFg  as  the 
principal  product.  The  observed  [1]  weight  of  the  solid 
product  (50*  yield  based  presumably  on  the  molecular  weight 
of  NjFjfCFjJjCO  ) Is  In  fair  agreement  with  that  expected 
for  a high  yield  formation  of  (NO) I F^  according  to: 

HzFk  + 2 (CFj)  jCOF 2NF3  + (CFj^COOCKCF^j 

2NFj  + S|02 *(NO)2SIF6 

Unfortunately,  no  elemental  analysis  was  reported  for  the 

white  solid,  and  its  Identification  was  based  only  on 
15 

Infrared,  mass,  and  F nmr  spectroscopy. 

(3)  For  the  Infrared  spectrum  of  the  solid,  pressed  as  a NaCI 

disk,  the  following  absorptions  were  reported  [1]:  1 1*50  (s), 

1233  (s),  809  (vs),  730  (vs),  and  480  (s)  cm  These  bands 

do  not  agree  with  expectations  for  either  a tertiary  Der- 

fluorobutoxy  group  [9,10]  or  a nitrogen  fluoride  ca'lon 

[2,  7,  11].  However,  the  bands  at  730  and  480  cm  1 are  In 

2_ 

excellent  agreement  with  those  of  the  SI F^  anion  [12].  The 
bands  at  1450  and  1233  cm  ' are  characterl s t I c [ 12]  for  the 
HF2  anion,  which  could  readily  form  from  (NO) I and  NaCI 
In  the  presence  of  moisture.  No  Inf.  n . .'ata  were 
reported  for  the  higher  frequency  range  .Ich  would 
allow  a positive  Identification  of  the  NO  cation. 

(4)  For  the  mass  spectrum  only  4 mass  peaks  wera  reported 
[1]  at  104,  85,  71  and  52  m/a.  The  peaks  at  104  and 
85  wera  assigned  to  NjF*  and  f^F*,  respectively,  but 
since  H,  has  the  same  mass  as  SI,  they  can  equally 
welt  be  assigned  to  SIF^  and  SIFj.  Based  on  their 
observed  relative  abundances  of  2 and  100,  raspectl vely, 

we  prefer  their  assignment  to  SIF.  [13],  which  It  the 

’ 2- 
product  expected  for  the  thermal  dissociation  of  a SIFg 

salt.  It  Is  important  to  nota  that  no  fragments  due  to 

(CFj)jCO  could  be  detected  [1]  for  the  white  solid. 
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(5)  The  '^F  nmr  spectrum  of  an  HF  solution  of  the  product 
showed  at  room  temperature  only  one  exchange  . jadened 
resonance  at  4“29i  due  to  HF.  On  cooling  to  -80°C  a 
singlet  at  $*149  appeared  which  was  assigned  [1]  to  the 
(CFj)jCO  anion.  However,  for  a terttary  perf luorobutoxy 
group  a resonance  around  $"70  should  be  expected  [9,  10]. 

Furthermore,  we  cannot  envision  a mechanism  which  could 
provide  for  a rapid  fluorine  exchange  between  the  covalent 
CFj  groups  and  the  HF  solvent.  On  the  other  hand,  the 
observed  chemical  shift  and  exchange  characteristics  are 
in  line  with  expectations  for  a silicon  fluoride.  Un- 

2- 

published  work  in  this  laboratory  has  shown  that  the  SiFg 
anion  is  unstable  in  HF  solution  undergoing  solvolysis 
according  to  SIF^  + 2HF  =trS1  F^  + 2HF2>  The  chemical  shifts 
reported  for  SIF^  In  CCl^  and  SiF^  in  H^O  are  4-160  and  126, 
respectively,  and  acid  was  found  to  catalyze  fluorine  exchange 
between  SIF£  and  F [14], 

In  summary,  all  the  experimental  data  available  for  the  reported 
[1]  white  solid  are  consistent  with  a hexaf 1 uoros 1 i ! cate  salt,  such  ns 
( NO ) ^ S I F^,  but  cannot  be  reconciled  with  the  proposed  composition  NjFjtCFjJjCO'  . 

Very  recently,  Stringham  and  Toy  have  also  claimed  [15]  the 
synthesis  of  N2F^BF]j  by  the  photolytlc  reaction  of  and  BF^  in  the 

presence  of  fluorine  below  -100°C.  Based  on  our  experience,  these 
reaction  conditions  are  not  likely  to  produce  an  N2F*  salt.  Generally, 
compounds  contalning-NFj  groups  readily  undergo  fluorination  to  NF, 
during  photolysis,  followed  by  formation  of  NF^  salts  [16].  If  the 
reaction  is  carried  out  in  glass,  formation  of  FNO  is  also  possible, 
which  can  result  in  the  formation  of  NO  BF^.  Unpublished  work  in  this 
laboratory  has  also  shown  that  c*oes  not  Form  * stable  adduct  with 

BFj  at  temperatures  as  low  as  ”78°C.  At  -78°C,  an  equimolar  mixture 
of  N^  and  BFj  Is  still  liquid  and  can  be  transferred  quantitatively 
from  trap  to  trap.  Therefore,  the  only  solid  products  expected  from 
the  photolysis  of  m*xtures  *n  9*®*$  are  NF^BF^  and  BF^  salts 

of  N0+  or  NO*. 

We  are  indebted  to  Drs.  L.  R.  Grant  and  W,  W.  Wilson  for  helpful 
discussions.  This  work  was  supported.  In  part,  by  the  Office  of  Naval 
Research. 
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The  mechanism  of  the  formation  of  NF4+  salts  is  of  sig- 
nificant practical  and  theoretical  interest.  From  a practical 
point  of  view,  a better  understanding  of  this  mechanism  would 
permit  optimization  of  the  reaction  conditions  for  the  direct 
syntheses  of  NF4+  salts,  such  as  NF4BF4,  NF4PF6,  or 
NF4GeF5.'  From  a theoretical  point  of  view,  the  formation 
of  the  NF4+  cation  is  intriguing2  because  its  parent  molecule 
NF5  does  not  exist  as  a stable  species.  Since  under  the 
conditions  used  for  most  of  the  syntheses  of  NF/  salts  an  F+ 
cation  should  be  extremely  difficult,  if  not  impossible,  to 
prepare  by  chemical  means,  the  following  mechanism  has 
previously  been  proposed2  for  the  formation  of  NF4AsF6: 


F, — * 2F'  (1) 

F- + AsF, -•  Asl-V  (2) 

A»F.  + NF,  - NF/AsF,"  (3) 

NF/AslV  i F,  -NF/AsFy  4 F-  (4) 


In  good  agreement  with  the  known  experimental  facts,2  this 
mechanism  requires  only  a moderate  activation  energy  (£>°(F2) 
= 36.8  kcal  mol"1).5  The  two  critical  intermediates  are  the 
AsF4-  radical  and  the  NF3+  radical  cation.  Whereas  the  AsF4- 
radical  is  unknown,  the  NF/  radical  cation  was  shown4  to 
form  during  y irradiation  of  NF/  salts  at  -196  °C.  Although 
this  observation  of  the  NF/  cation  demonstrated  its  possible 
existence  at  low  temperature,  it  remained  to  be  shown  that 
the  NF/  radical  cation  is  indeed  formed  as  an  intermediate 
in  the  syntheses  of  NF/  salts.  We  have  now  succeeded  in 
observing  experimentally  the  NF/  radical  cation  by  ESR 
spectroscopy  as  an  intermediate  in  the  low-temperature  UV 
photolyses  of  both  the  NF3-F2-AsF5  and  the  NF3-F2-BF3 
systems.  The  results  and  implicr  '.ions  derived  from  the  ob- 
servations are  given  in  this  paper. 

Experimental  Section 

Binary  and  ternary  mixtures  of  the  starting  materials  were  prepared 
for  both  the  NF3-F2-BF3  and  the  NFj-F2-AsF3  systems  in  a 
stainless-steel  Teflon  FEP  vacuum  system.  The  sample  tubes  consisted 
of  flamed -out  quartz  tubes  of  4-mm  o.d.,  30-em  long,  with  a ballast 
volume  of  about  1 50  ml.  attached  at  the  top.  The  starting  materials 

* To  whom  correspondence  should  be  addressed  at  Rocketdync. 


were  condensed  into  these  tubes  at  -210  °C  and  the  tubes  were  flame 
sealed.  The  NF3  (Rocketdync)  was  used  without  further  purification, 
F2  (Roekctdvne)  was  passed  through  a NaF  scrubber  for  HF  removal, 
and  BF3  (Mathcson)  and  AsFs  (Ozark  Mahoning)  were  purified  by 
fractional  condensation  prior  to  use.  About  300  cm3  of  gas  mixture 
was  used  for  each  sample  lube  in  the  following  mole  ratios:  NF3:F2 
= 1:10;  BFj-.Fj  = 1:10;  AsFs:F2  * 1:10;  NF3:BF3  = 1:I;NF3:AsF5 
» 1:1;  NF,:F2:BF,  = 1:4:1  and  1:2:1;  NF,:F2:AsF}  = 1:4:1. 

The  ESR  spectra  were  recorded  as  previously  described.5,6 
Variable-temperature  control  over  the  temperature  range  4-300  K 
was  achieved  with  an  Air  Products  liquid-helium-transfer  refrigerator, 
Model  l.TDI  10.  For  (he  photolyses,  an  Oriel  Model  6240  arc  lamp 
with  a 200-W  Hg  lamp  was  used.  In  some  of  the  experiments,  the 
starting  materials  were  condensed  at  - 1 96  °C  into  the  tip  of  the  ESR 
tube  and  were  irradiated  for  1 0-30  min  while  inserted  in  a liquid- 
nitrogen-  filled  unsilvered  Dewar.  The  ESR  tube  was  then  quickly 
transferred  to  the  prccoolcd  ESR  spectrometer.  In  other  experiments, 
the  sample  tubes  were  irradiated  at  various  temperatures  inside  the 
HSR  cavity. 

Results  and  Discussion 

UV  photolysis  of  both  the  NF3-F2~AsF5  and  the  NF3- 
Fj  BF3  systems  produced  an  intensely  violet  species  which 
exhibited  the  ESR  signal  shown  m Figure  1,  traces  A and  B. 
Comparison  with  the  previously  published4  anisotropic 
spectrum  of  the  NF/  cation  (trace  C,  Figure  1)  establishes 
beyond  doubt  the  presence  of  NF/  in  O’tr  samples.  The 
spectra  arc  assigned  on  the  basis  of  anisotropic  hyporfinc 
coupling  to  three  fluorine  atoms  (/  = */2)  and  approximately 
isotropic  hyperfine  coupling  to  one  nitrogen  atom  (/  = 1).  The 
g matrix  is  isotropic  to  within  the  line  width.  The  spectra  thus 
appear  as  a quartet  of  triplets  as  shown  in  Figure  1.  The 
broader  line  widths  observed  in  the  spectra  of  UV-irradiated 
NF3-F2-AsF5  and  NF3-F2-BF3  mixtures  than  in  y-irradiated 
NF4SbF6  may  be  the  result  of  exchange  or  of  dipolar  inter- 
actions of  materials  on  the  surfaces  of  the  solid  components 
of  the  mixtures. 

The  observation  of  identical  signals  for  both  the  BF3-  and 
the  AsFs-containing  system  proves  that  the  signal  must  be  due 
to  a species  not  containing  boron  or  arsenic.  By  carrying  out 
irradiation  experiments  of  the  sample  within  the  ESR  cavity 
at  196  °C,  it  was  shown  that  the  signal  strength  increased 
during  irradiation  but  did  not  decrease  when  the  lamp  was 
turned  off.  The  thermal  stability  of  the  signal  in  the  absence 
of  UV  radiation  depended  on  the  strength  of  the  Lewis  acid 
used.  For  the  stronger  Lewis  acid  AsF5,  the  signal  did  not 
change  significantly  up  to  about  -105  °C,  whereas  for  BF3 
decomposition  started  at  about  -155  °C.  When  the  sample 
tubes  were  warmed  to  ambient  temperature,  they  contained 
white  stable  solids  which  were  identified  by  Raman  spec- 
troscopy as  NF4AsF6  and  NF4BF4,  respectively.  1•7•*  Irradiation 
of  all  possible  binary  mixtures,  i.e.,  NF3-F2,  Lewis  acid-F2, 
and  NF,  Lewis  acid,  under  comparable  conditions  did  net 
produce  any  ESR  signal  attributable  to  NF/. 

A positive  identification  of  the  proposed  AsFfc-  or  BF4- 
radical  intermediates  was  not  possible  in  the  above  experi- 
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Figure  1.  ESR  spectra  of  the  NF3+  radical  cation  obtained  by  UV 
photolysis  of  NF3-Fj-BFj  at  -1%  °C:  trace  A,  first  derivative;  trace 
B,  second  derivative.  For  comparison,  the  known4  first-derivative 
spectrum  of  NFj+  obtained  by  y irradiation  of  polycrystalline  NF4SbF4 
at  -196  *C  is  given  as  trace  C. 

ments.  The  observation  of  hyperfinc  splittings  for  the  free 
AsFf  or  BF4*  radical  at  temperatures  above  several  Kelvins 
is  not  likely  because  they  would  be  in  orbitally  degenerate 
states  which  could  cause  rapid  spin  relaxation  resulting  in  a 
strongly  temperature-dependent  line  width.  Furthermore,  if 
we  assume  the  existence  of  an  AsF6-  or  BF4-  radical  in  an  ionic 
lattice,  rapid  electron  exchange  between  the  radicals  and  the 
corresponding  anions  is  possible  which  would  destroy  hyperfinc 
structure.  The  line  width  of  the  resulting  signal  would  depend 
on  the  rate  of  exchange.  Finally,  in  our  experiments  we  were 
dealing  with  polymeric  solid  AsF5  or  BF3  phases  which  on 
combination  with  a fluorine  radical  arc  not  likely  to  result  in 


Notes 

an  isolated  AsF4*  or  BF4-  radical.  In  our  experiments,  several 
ESR  signals  were  observed  in  addition  to  NF3+.  However, 
in  the  absence  of  observable  hyperfinc  structure  we  prefer  not 
to  make  any  assignments. 

On  the  basis  of  our  results,  the  following  conclusions  can 
be  reached  concerning  the  formation  mechanism  of  NF4+  salts, 
(i)  The  NF3+  radical  cation  is  indeed  an  important  inter- 
mediate. (ii)  The  requirement  of  UV  activation  and  of  both 
F2  and  a Lewis  acid  for  the  synthesis  of  NF3+  is  in  agreement 
with  steps  1 and  2 of  the  given  mechanism,  (iii)  The  strength 
of  the  Lewis  acid  determines  the  thermal  stability  and  lifetime 
of  the  intermediate  NF3+  salt  formed.  This  can  account  for 
the  low-temperature  conditions  required  for  the  synthesis  of 
the  NF4+  salts  of  weaker  Lewis  acids,  (iv)  In  the  absence  of 

UV  irradiation,  the  NF3+  salts  do  not  spontaneously  react  with 
the  large  excess  of  liquid  F2  present.  This  indicates  that  in 
the  absence  of  an  activation  energy  source  the  thermody- 
namically feasible2  chain-propagation  step  NF3+AsF4'  + F2 
-*•  NF4+AsF6“  + F does  not  play  an  important  role.  Possibly, 
the  conversion  of  NF3+AsF6'  to  NF4+AsF6  may  require  P 
atoms  according  to 

NF/AsF4-  + I-  - NF/AsF4-  (5) 

Since  the  intermediate  NF3+  salt  is  an  ionic  solid,  its  reaction 
with  a fluorine  atom  might  well  be  a heterogeneous  diffu- 
sion-controlled reaction  and  step  5 might  be  the  rate-deter- 
mining step  in  the  mechanism.  It  was  shown  that  at  tem- 
peratures above  -196  °C,  where  a given  NF3+  salt  is  still  stable 
in  the  absence  of  light,  UV  irradiation  causes  a rapid  decay 
of  the  NF3+  ESR  signal.  However,  it  was  not  possible  to 
distinguish  whether  this  decay  was  caused  by  photodecom- 
position of  the  intermediate  NF3+  salt  or  by  the  reaction  of 
the  latter  with  the  generated  F atoms  according  to  step  5. 
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Improved  syntheses  are  described  for  BrF«0'  and  IF40  salts,  and  their  vibrational  spectra  are  reported.  The  spectra  of 
CsBrF40  are  simpler  than  those  previously  reported  for  KBrF40  and  thus  allow  more  rc'iable  assignments.  For  comparison, 
the  low-temperature  Raman  spectrum  of  CsClF40  has  also  been  recorded.  Normal-coordinate  analyses  have  been  carried 
out  for  'he  C1F40\  BrF40  , and  IF40'  anions  and  arc  compared  to  those  of  the  structurally  related  HalF4'  anions  and 
HalFs  molecules  uud  those  of  XeF4,  XeF4Q,  and  XeFs+. 


Introduction 

The  existence  of  KBrF40,  a salt  containing  a novel  bromine 
oxyfluoride  anion,  has  recently  been  reported  both  by  Bougon 
and  co-workers1  and  by  Gillespie  and  Spekkens.2  It  was 
obtained  cither  by  the  reaction1  of  KBr03  with  a large  excess 
of  BrFs  at  80  °C  in  the  presence  of  F2  or  by  the  reaction2  of 
KBrF6  with  KBr03  in  CH3CN  solution.  Both  methods  have 
drawbacks.  Although  Bougon’s  method1  can  yield  a pure 
product,  the  course  of  the  reaction  is  difficult  to  control  and 
frequently  KBrF4  is  obtained  as  the  only  product  (see  below). 
Gillespie's  method2  produces  a mixture  of  KBrF202  and 
KBrF40  w hich  must  be  separated  by  numerous  extractions 
with  CH3CN.  In  view  of  these  difficulties,  an  improved 
synthetic  method  for  the  synthesis  of  BrF40~  was  desirable. 

Although  the  crystal  structure  of  CsIF40  has  been  reported,3 
only  a small  amount  of  the  material  had  been  obtained  ac- 
cidentally during  unsuccessful  attempts  to  crystallize  CsIF*, 
from  CHjCN  solution.  Furthermore,  products  containing 
mixtures  of  MIF40  and  MIF202  salts  have  been  prepared4 
by  the  interaction  of  MI03  or  M102F2  with  IFS  or  by  the 
controlled  hydrolysis  of  MIFt  in  CH3CN.  However,  no 
suitable  method  for  the  preparation  of  pure  MIF40  has 
previously  been  reported, 

The  vibrational  spectra  of  these  Ha!F40"  anions  were  also 
of  interest.  For  IF40“  only  spectra  of  mixtures  of  IF40"  and 
IF202  salts  were  known,4  and  for  KBrF40  the  previously 
reported1,2  Raman  spectra  exhibited  more  bands  than  per- 
mitted for  an  isolated  six-atom  species.  Interionic  dynamic 
coupling  was  suggested1  to  account  for  the  large  number  of 
bands  observed  for  KBrF4C.  However,  in  view  of  their  similar 
relative  intensities,  the  bands  occurring  in  the  530-390-cm  1 
region  could  not  be  reliably  assigned. 

In  this  paper  we  report  improved  syntheses  for  BrF40'  and 
IF40~  salts  and  their  vibrational  spectra  which  allow  more 
reliable  assignments  for  these  ions.  These  assignments  are 
supported  by  normal-coordinate  analyses  of  12  structurally 
closely  related  species. 

Experimental  Section 

Malarial*.  Bromine  pentafluoride  (Mathcson  Co.)  was  treated  with 
3S  atm  of  F2  at  200  *C  for  24  h prior  to  its  use.  Fluorine  (Rocketdync) 
was  pasted  through  a NaF  scrubber  for  removal  of  HF.  The  alkali 
metal  perbromates*  and  C*C1F40*  were  prepared  as  previously 
described.  Potassium  bromate  (Baker  AR)  waa  used  as  received. 
Iodine  penufluoride  was  purified  by  distillation  and  IjOj  was  prepared 
from  Ij  and  HNOj.  The  KF  was  dried  by  fusion  in  a platinum 
crucible. 

Apparatus  Volatile  materials  were  manipulated  in  a well-passivated 
(with  CIF}  and  BrFj)  304  stainless-steel  vacuum  line  equipped  with 
Teflon  FEP  U-trapa  and  bellows- seal  valves.  Pressures  were  measured 
with  a Heise  Bourdon  tube-type  gauge  (0-1 500  mm  ± 0.1%). 

* To  whom  correspondence  should  be  addressed  at  Rocketdync. 


Nonvolatile  materials  were  handled  outside  of  the  vacuum  system 
in  the  dry  nitrogen  atmosphere  of  a glovcbox. 

Infrared  spectra  were  recorded  on  Perkin  ilmer  Model  283  and 
577  spectrophotometers.  For  gases  a Monel  cell  with  AgCl  windows 
was  used.  The  spectrum  of  CsBrF40  was  recorded  as  a dry  powder 
between  AgBr  windows  in  the  form  of  a pressed  disk.  The  pressing 
operation  was  carried  out  using  a Wilks  minipellet  press.  The  spectrum 
of  K1F40  was  recorded  as  a Nujol  mull  between  Csl  windows.  Raman 
spectra  were  recorded  on  Cary  Model  82  and  83  spectrometers  using 
the  4880-A  exciting  line,  a Claasscn  filter7  for  the  elimination  of  plasma 
lines,  and  melting-point  capillaries  or  Kel-F  tubes  as  sample  containers. 
For  the  low-tcmpcrature  spectra  a previously  described*  device  was 
used. 

Synthesis  of  KIF40.  A mixture  of  KF  and  l205  in  a mole  ratio 
of  5: 1 was  treated  with  a large  excess  of  IF*  for  1 h at  25  aC.  Volatile 
products  were  pumped  off,  first  «i  25  °C  and  then  at  100  °C.  The 
white  crystalline  residue  was  identified  by  elemental  and  spectroscopic 
analyses  as  KIF40.  Anal.  Caicd  for  KIF40;  K,  15.2;  1, 49.2.  Found: 
K.  15.1;I,49.0. 

Syntheses  of  BrF40  Salts.  In  a typical  experiment,  CsBr04  (2.044 
mmol)  was  placed  into  a sapphire  reaction  tube  C/2  in.  o.d.  X 12  in. 
length,  Tyco)  which  contained  a Teflon-coated  magnetic  stirring  bar 
and  was  attached  to  a valve  through  a Swagelok  compression  fitting 
using  a Teflon  front  ferrule  and  a steel  back  ferrule.  Bromine 
pentafluoride  (14.1  mmol)  and  F2  (2.4  mmol)  were  added  at  -78  °C. 
The  mixture  was  stirred  at  25  eC  for  30  h and  then  cooled  to  -196 
°C.  The  products  volatile  at  -196  #C  were  pumped  off  and  those 
volatile  at  25  °C  were  separated  by  fractional  condensation  through 
a series  of  traps  kept  at  -64,  -95,  and  -196  °C,  respectively.  On  the 
basis  of  their  infrared  and  Raman  spectra,  they  consisted  of  FBr02, 
BrFs,  and  FBr03,  respectively.  On  the  basis  of  its  infrared  and  Raman 
spectrum,  the  white  solid  residue  (623  mg)  consisted  of  CsBrF40 
(weight  calculated  for  2.044  mmol  of  CsBrF40  was  623  mg).  Similar 
results  were  obtained  when  the  reaction  was  carried  out  at  70  °C. 
However,  if  the  reaction  was  carried  in  the  absence  of  F2,  the 
conversion  of  CsBr04  to  CsBrF40  was  very  low,  even  after  prolonged 
heating  to  80  °C.  The  influence  of  HF  on  this  reaction  was  also 
studied.  The  addition  of  5 mol  % (based  on  MBr04)  HF  did  not 
produce  significant  amounts  of  BrF40~  in  the  reaction  of  CsBr04  with 
BrF5  it  the  absence  of  F2  at  25-50  *C. 

For  the  KBr04-BrF5-F2  reaction  system,  when  studied  in  the  same 
manner  as  described  above  for  CsBr04,  higher  reaction  temperatures 
were  required.  For  example,  at  45  *C  for  19  h,  essentially  all  of  the 
KBr04  starting  material  was  recovered  unchanged.  Heating  of  the 
starting  materials  to  80  *C  for  95  h resulted  in  a conversion  of  KBr04 
to  KBrF40  of  about  70%. 

A sample  of  KBrF40  was  also  prepared  from  KBrO}  and  BrF3  by 
closely  following  the  procedure  published1  by  Bougon.  However,  when 
the  reaction  conditions  or  the  scale  of  the  reaction  were  slightly 
modified,  several  experiments  produced  KBrF4  in  almost  quantitative 
yield,  even  when  the  BrFs  wts  preftuorinated  with  35  atm  of  F2  at 
200  *C.  No  evidence  was  found  for  the  formation  of  significant 
amounts  of  FBrO)  in  these  reactions. 

Th*  CaC1F40-CIF}  System.  A weighed  sample  of  C*CIF40  in  a 
tenfold  excess  of  ClFj  was  stirred  for  24  h at  25  "C.  The  volatile 
products  were  pumped  off  and  consisted  of  unreacted  CIF3  and  CIFjO. 
On  the  basis  of  its  weight  and  vibrational  spectra*  the  white  solid 
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residue  consisted  exclusively  of  CsCIF4. 

Results  and  Discussion 

Synthesis  of  XF40'  Saits.  The  reaction  of  I203  with  a large 
excess  of  1FS  in  the  presence  of  a stoichiometric  amount  of 
KF  affords  essentially  pure  K1F40  in  a one-step  reaction 
according  to 

l,o,  + 3li;,  + ski  - 5Kll'„o 

This  synthesis  is  based  on  the  previous  report10  of  Aynslcy  ct 
al.  that  the  reaction  of  I203  with  1FS  produces  1F30, 

The  KIF40  prepared  in  this  manner  is  a white,  crystalline 
solid,  it  is  stable  up  to  about  200  °C  and  hydrolyzes  according 
to 

kil  „0  + 211,0  • KIO,  + 411F 

Attempts  to  synthesize  K2IFsO  by  changing  the  KF:I205  ratio 
in  the  above  synthesis  were  unsuccessful.  On  the  basis  of  its 
vibrational  spectra,  the  resulting  product  was  shown  to  be 
K1F40-KF. 

For  the  synthesis  of  BrF40  salts,  the  reactions  of  MBr04 
with  Fi  in  BrF5  solution  were  found  to  be  most  reproducible. 
Whereas  0sBrO4  is  fluorinated  even  at  ambient  temperature, 
the  reaction  of  KBr04  requires  heating  to  about  80  °C. 
Although  the  formation  of  BrF40  salts  in  these  reactions  was 
shown  to  be  reproducible  and  quantitative,  the  amount  of  the 
volatile  by-products  FBr02  and  FBrOj  varied  and  was  never 
sufficient  to  account  for  all  of  the  missing  oxygen.  The  re- 
maining oxygen  was  probably  in  the  form  of  02  which  was 
pumped  off  at  -196  °C  together  with  the  unreacted  F2. 
Furthermore,  it  is  remarkable  that  under  the  given  conditions 
the  reactions  did  not  proceed  in  the  ahsence  of  F2.  This  implies 
that  F2  participates  in  these  reactions  and  does  not  merely  serve 
the  purpose  of  suppressing  a possible  reduction  of  BrFs  to  BrF3, 
as  was  previously  suggested3  for  the  bromate-BrFj  system. 
It  was  also  shown  that,  contrary  to  a previous  report  on  the 
KBrOj-BrFs  system,  the  addition  of  small  amounts  of  HF  did 
not  significantly  catalyze  the  CsBr04~BrF5  reaction  between 
20  and  50  °C. 

Although  the  reaction  of  KBr03  with  BrF3  to  form  KBrF40 
which  was  previously  reported1  by  Bougon  and  co-workers  was 
successfully  duplicated  in  our  laboratory,  it  was  difficult  to 
accomplish.  Frequently,  quantitative  conversion  to  KBrF4  was 
obtained.  Since  the  BrFs  used  in  our  experiments  had  been 
thoroughly  prefluorinated  with  F2  at  200  °C,  it  could  not  have 
contained  sufficient  BrF3  for  a quantitative  displacement 
reaction,  such  as 

KBrl',0  + Brl  ,-  KBrl-„  + Brt  .O 

That  such  a displacement  reaction  of  HalF40  by  HalFj  can 
indeed  proceed  quantitatively  was  demonstrated  in  this  study 
for  the  system 

acii  4o  + cif,  - csCiF,  + ai'.o 

In  view  of  the  possibility  of  such  a displacement  reaction 
and  the  known"  thermal  instability  of  BrF,0,  the  presence 
of  a small  amount  of  BrF3  might  be  sufficient  to  catalyze  the 
decomposition  of  BrF40  to  BrF4  according  to 

Brl',0-  + Brl  , - Brl  V + Brl',0 

1 A 

Brl  ,+  •/. O, 

Our  finding  that  BrF4  can  be  readily  formed  in  this  system 
confirms  the  original  report12  by  Schmeisser  and  Pammer  but 
is  inconsistent  with  the  recent  report2  of  Gillespie  and 
Spckkcns. 

From  a mechanistic  point  of  view,  the  reactions  of  BrFs  with 
BrOj'  or  Br04  are  very  interesting  since  they  involve  an 
oxygen-fluorine  exchange.  On  the  basis  of  the  observed 
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Figure  1.  Vibrational  spectra  of  KIF40:  upper  trace,  infrared 
spectrum  of  a Nujol  mull  between  Csl  windows;  lower  trace,  Raman 
spectrum.  The  band  marked  by  an  asterisk  is  due  to  Nujol.  The 
numbers  I 9 designate  the  assignments  to  the  corresponding  fun- 
damentals. 

quantitative  yields  of  BrF40  , a free-radical  mechanism  in- 
volving the  addition  of  oxygen  atoms  to  bromine  fluorides  is 
extremely  unlikely.  Furthermore,  the  increased  reactivity  of 
the  thermally  more  stable  CsBr04  relative  to  that  of  KBr04 
suggests  an  alkali  metal  salt  catalyzed  reaction.  A mechanism 
involving  the  addition  of  BrF5  or  BrF6'  across  a Br— O double 
bond  of  Br04"  or  Br03~  followed  by  FBr03  or  FBr02  elim- 
ination with  BrF40“  formation  appears  plausible  but  requires 
additional  experimental  support. 

Vibrational  Spectra.  Vibrational  spectra  were  recorded  for 
KIF40,  CsBrF40,  KBrF4Of  and  CsC1F40.  The  spectra  of 
KIF40  (see  Figure  1 and  Table  I)  are  in  fair  agreement  with 
those4  previously  assigned  to  the  MIF4O  part  of  MI02F2- 
M!F40  mixtures,  except  for  the  relative  intensities  of  the  280- 
and  365-cro'1  infrared  bands.  This  discrepancy  is  caused  by 
the  fact4  that  IO,F2-  possesses  a strong  infrared  band  at  360 
cm'1. 

The  vibrational  spectra  of  CsBrF40  are  shown  in  Figure 
2.  The  spectra  of  KBrF40  were  in  excellent  agreement  with 
those1'2  previously  reported  and,  hence,  are  not  reiterated. 
Surprisingly,  the  vibrational  spectra  of  CsBrF40  significantly 
differed  from  those  of  KBrF40.  Since  in  the  HalF4  stretching 
frequency  region  the  room-temperature  Raman  spectrum  of 
CsBrF40  was  more  similar  to  that13  of  CsC1F40  than  to  that1,2 
of  KBrF40,  we  have  also  reexamined  the  Raman  spectrum 
of  CsC!F40  (see  Figure  3). 

By  analogy  with  the  previous  report2  on  KBrF40,  it  was 
found  that  cooling  of  the  samples  resulted  in  much  better 
resolved  Raman  spectra.  The  observed  frequencies  of 
CsBrF40  and  CsC1F40  are  summarized  in  Table  I.  Attempts 
to  obtain  the  Raman  spectrum  of  CsBrF40  in  anhydrous  HF 
solution  failed  owing  to  the  displacement  reaction 

CsBrl',0  + HF  - CsHF,  + BiF,0 

The  observed  spectrum  was  in  excellent  agreement  with  that 
recently  reported"  for  BrFjO. 

The  previously  reported12  Raman  spectra  of  KBrF40  are 
very  complex  and  contain  more  bands  than  expected  for  an 
isolated  six-atom  species.  Furthermore,  the  relative  intensities 
of  many  bands  are  too  similar  to  allow  conclusive  assignments. 
In  view  of  these  complications  and  in  the  absence  of  additional 
structural  data  on  BrF40  , the  proposed1,2  C*  structure  for 
BrF4Q  had  to  be  considered  tentative,  although  very  likely. 
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Table  I.  Vibration*!  Spectra  of  KIF4Ot  CsBrF.O,  and  CsCIF.O  and  Assignments  for  CsBrF40:  Observed  Frequencies  (cm' 1 ) 
and  Relative  intensities9 


CsBrF.O 

CsClF„0 

KIF„0 

Raman 

Raman 

IK  Raman 

1R 

25  “C 

- 120  °C 

25  °C 

- 120  °C 

885  s 887(10) 

934  vs 

931  (4.8) 

929  (5.5)  v, 

1223  (0.3) 

1228  (0-4) 

540  sh  540(5.8) 

500(10) 

499(10)  p3 

1213  sh 

1215  sh 

480  vs 

482  (2.9)  v. 

1200(0.6) 

1202  (0.7) 

478(2.3) 

570-460  vs 

472  (4.4) 

471  (4.2)  p. 

1189  (0.2) 

1191(0.4) 

383  m 381(1.3) 

444  (3) 

444  (3.2)  p, 

1 182  sh 

366  mw  368(1) 

421  (5.9)  p, 

605  (0.2) 

279  ms  283(0.3) 

413(6.8) 

417  (7.9)  r4 

585  (0.6) 

588(0.9) 

224  (0.5) 

399l 

400  sh 

401  (2.7)  p. 

556  (0.3) 

559(0.5) 

140  (0+) 

3891  m 

390  (1.5)  p, 

465  sh 

470(5) 

301  vs 

299  (1.5) 

303(1.6)  p, 

455  (10) 

459  (9) 

291  (0.2)  p, 

452(10) 

240  sh 

236(1.7) 

234  (2.1)  p4 

435  (0.3) 

218  sh 

225  sh  p4 

419  sh 

202  (0+) 

205  (0.2)  p, 

412  (2.4) 

414(3.5) 

178  (0.5) 

179  (0.5)  p. 

395  sh 

395  (1.2) 

164  (0.2)  p. 

370  sh 

80 

3S3  (5.5) 

358  (6.6) 

62 

335  sh 

345  (5) 

334  (3.7) 

320  sh 

290  sh 

276  (0.5) 

278  (0.6) 
258(0.2) 

2 15  sh 

200  sir 

196  (1.0) 

194(1) 

185  sh 

82 

89 

70 

73 

° Uncorrccted  Raman  intensities  (peak  heights). 

Table  II.  Comparison  of  the  Frequencies  (cm*1)  of  the  Fundamental  Vibrations  of  the  Hall-'O"  Anions  with  Those  of  Similar 

Molecules  and  Ions 

Approx  description  of  mode  for 

XI  , Y in  point  group  C ^ 

cif4o-  Cliy 

C1F, 

BrF40' 

Briy 

BrF,  IF/ 

ll-.O'  IF, 

XcF„ 

XcF„0  Xeiy 

A,  v,  n(XY) 

1203 

708 

930 

682 

887  710 

926  679 

v,  ,'syen(XF4) 

456  505 

539 

500 

523 

S87  522 

537  616 

543 

576  625 

p,  '>*ym(out-of-plane  XF4) 

339  425 

495 

302 

317 

369  27  1 

279  318 

291 

294  355 

B,  p„  I'jyn/out-of-phaae  Xl'4) 

356  417 

480 

417 

449 

535  455 

480  604 

502 

527  610 

v,  fim yn,(out-of-plane  XF4) 

205 

261 

B4  v4  "tym(  in-plane  XF4) 

278  288 

375 

235 

246 

312  195 

2 19  276 

235 

233  300 

578  590 

725 

505 

478 

644  448 

482  631 

586 

608  652 

V,  MYXF„) 

414 

484 

395 

415 

374  372 

361  410 

v,  *„ym(in-pl»nc  XF4) 

194 

299 

179 

[1831 

237 

140  200 

161  218 

Consequently,  a detailed  analysis  of  the  simpler  CsBrF40 
spectrum  and  its  comparison  with  those  of  CIF40‘  and  IF40 
were  expected  to  provide  additional  support  for  the  proposed 
Civ  model. 

Assignments  for  BrF40~.  For  an  isolated  BrF40  anion  of 
symmetry  C\,  nine  fundamental  vibrations  should  be  observed. 
These  arc  classified  as  3 A!  + 2 B|  + B2  4-  3 E,  All  nine 
modes  should  be  Raman  active,  whereas  only  the  A|  and  E 
modes  should  be  infrared  active.  For  a solid  salt,  such  as 
CsBrF40,  the  actual  site  symmetry  of  the  anions  is  expected 
to  be  lower  than  C*,.  This  symmetry  lowering  can  cause  a 
splitting  of  the  E modes  into  their  degenerate  components  and 
violations  of  the  above  given  selection  rules.  Furthermore,  if 
the  unit  cell  contains  more  than  one  anion,  the  number  of 
internal  modes  can  increase  by  a factor  Z,  where  Z is  the 
number  of  anions  per  unit  cell.  On  the  basis  of  tentative 
unit-cell  dimensions  reported1  by  Bougon  for  KBrF40,  Z is 
estimated  to  be  about  32.  Assuming  that  CsBrF40  has  a 
similar  crystal  structure,  each  mode  could  be  split  into  many 
components.  However,  only  a much  lower  number  of  bands 
are  usually  observed  since  these  correlation  splittings  are 


relatively  small  and  usually  do  not  exceed  1-2%  of  the  mode 
frequency. 

Assignments  for  BrF40  can  be  made  by  comparison  with 
the  known  vibrational  spectra  of  the  structurally  related  species 
CIF40,1}  CIF4-,’  C1F5,1417  BrF4,"  BrF5,14'l‘  IF4,19  IFS,I4“ 
XeF*,19'20  XeF40,14  and  XeF5+.J1  All  of  these  species  arc 
pseudooctahedral  with  an  approximately  square-planar  XF4 
group.  A summary  of  the  frequencies  of  their  fundamental 
vibrations  is  given  in  Table  II. 

On  the  basis  of  its  high  frequency  and  relative  intensity,  the 
Br—O  stretching  mode  v,  (A|)  must  be  assigned  to  the  band 
at  930  cm1.  Of  the  remaining  bands,  the  symmetric  in-phase 
BrF4  stretching  mode  p2  (A,)  should  be  the  most  intense 
Raman  band  and  by  comparison  with  the  known  assignments 
for  C1F4',  C1F40",  BrF4",  1F4",  and  1F40  should  have  a 
frequency  in  the  vicinity  of  about  500  cm  '.  It  therefore  must 
be  assigned  to  the  Raman  band  at  500  cm-1.  The  symmetric 
out-of-phase  BrF4  stretching  mode  p4  (Bt)  should  be  the  second 
most  intense  Raman  band  and,  by  comparison  with  the  known 
frequencies  of  the  closely  related  3rF4'  anion  (see  Table  II), 
is  predicted  to  occur  about  80  cm'1  below  v2  (A|).  Conje- 
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Figure  2.  Vibrational  spectra  of  CsBrF40:  upper  trace,  infrared 
spectrum  of  the  dry  powder  in  an  AgBr  disk,  the  broken  line  indicating 
absorption  due  to  the  window  material;  lower  traces,  Raman  spectra 
recorded  at  different  temperatures  and  gain  settings  with  a spectral 
slit  width  of  2 cm 

qucntly,  this  mode  must  be  assigned  to  the  band  at  about  4 1 7 
cm*1,  The  last  stretching  mode,  the  antisymmetric  BrF4 
stretch,  a7  (E),  is  expected  to  result  in  a very  strong  and  broad 
infrared  band  in  the  450-550-cm" 1 frequency  region.  Such 
an  infrared  band  has  been  observed  (see  Figure  2)  and  is 
consequently  assigned  to  yy.  In  the  Raman  spectrum,  there 
arc  three  bands  at  482, 471,  and  444  cm1,  respectively,  which 
are  assigned  to  the  degenerate  v7  (E)  mode  for  the  following 
reasons.  Their  frequencies  are  too  high  for  a deformation  mode 
and  differ  by  too  much  from  those  of  the  nondegenerate  v?  and 
v4  modes  in  order  to  be  accounted  for  by  correlation  splittings 
of  the  latter.  The  splitting  of  *7  into  three  components  can 
be  explained  by  Fermi  resonance  (see  below). 

The  assignments  for  the  BrF40"  deformation  modes  can  be 
made  by  comparison  with  those  of  BrF5  and  BrF4*.  In  this 
type  of  molecule,  the  umbrella  deformation  mode  v}  (A() 
always  results  in  a very  intense  infrared  band  and,  conse- 
quently, is  assigned  to  the  strong  infrared  bund  at  301  cm  '. 
Then  the  236-  and  178-cm*1  bands  must  be  due  to  the 
symmetric  and  the  antisymmetric  in-plane  XF4  deformation 


Figure  3.  Raman  spectra  of  CsC1F40  recorded  at  different  tem- 
peratures and  gain  settings  with  a spectral  slit  width  of  2 cm*1. 

modes,  v6  (B2)  and  v,  (E),  respectively,  with  v4  (see  Table  II) 
always  having  the  higher  frequency.  The  OBrF4  deformation 
mode  i<H  (E)  is  assigned  to  the  remaining  Raman  bands  at  421, 
401,  and  390  cm  1 which  show  the  expected  counterparts  of 
medium  intensity  in  the  infrared  spectrum.  The  last  yet 
unassigned  deformation  mode  is  the  antisymmetric  out-of- 
plane XF4  deformation  v5  (B|).  This  mode  is  expected  to  be 
of  very  low  intensity  and  usually  is  not  observed  for  similar 
species.  Of  the  compounds  listed  in  Table  II,  it  has  only  been 
observed  for  XeF5+  at  261  cm1.  Since  the  related  i>3  (A|) 
mode  of  XeF5*  exhibits  a frequency  higher  by  53  cm*1  than 
that  of  v}  of  BrF40*,  the  frequency  of  t»5  of  BrF40"  might  be 
expected  to  occur  around  210  cm*1.  A careful  inspection  of 
the  Raman  spectrum  of  0sBrF4O  shows  indeed  a very  weak 
band  at  205  cm  1 which  is  therefore  assigned  to  (B|)  of 
BrF40  . The  two  bands  at  80  and  62  cm*1,  respectively, 
observed  in  the  Ramat;  spectrum  of  CsBrF40  occur  at  too  low 
a frequency  for  internal  BrF40  vibrations  and  must  be  as- 
signed to  lattice  modes. 

The  splittings,  best  observed  in  the  low-temperature  Raman 
spectrum  of  CsBrF40,  can  be  readily  accounted  for  by  as- 
suming a splitting  into  two  components  for  each  of  the  three 
doubly  degenerate  E modes.  The  additional  splittings  observed 
for  v-,  and  can  be  readily  explained  by  Fermi  resonance  of 
*>7  and  t'g  with  the  E mode  combination  bands  (v3  4-  v,)  and 
(v6  + v9),  respectively.  Similarly  the  splitting  observed  for  v3 
might  be  explained  by  Fermi  resonance  with  a combination 
band  of  a lower  frequency  mode  and  a lattice  vibration.  Since 
bromine  contains  two  naturally  occurring  isotopes  (™Br  and 
41  Br)  in  almost  equal  abundance,  we  have  computed  the 
approximate  isotopic  splittings  to  be  expected  for  BrF40\  In 
all  cases  the  computed  isotopic  splittings  were  considerably 
smaller  than  those  observed  and  the  relative  intensities  did  not 
exhibit  the  correct  1 ; I ratio.  Consequently,  the  observed 
splittings  cannot  be  attributed  to  the  bromine  isotopes. 

The  assignments  proposed  for  CsBrF40  are  summarized  in 
Tables  I and  II.  When  compared  to  those  of  the  related 
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Table  III.  Assumed  Molecular  Parameters  for 
QF40",  BrF40",  and  IF4CT 


Parameter 

cif4o- 

BtF40- 

if4o- 

R,  A (ax) 

1.42 

1.56 

1.72 

r , A (eq) 

1.75 

1.88 

1.965 

'<i> 

(J,  deg  «OXF) 

90 

90 

90 

o,  deg  (<FXF) 

90 

90 

90 

compounds  of  Table  II,  these  assignments  for  BrF40"  result 
in  very  satisfactory  frequency  trends.  Additional  support  for 
the  assignments  comes  from  the  results  of  a normal-coordinate 
analysis  (see  below). 

On  the  basis  of  the  above  assignments  for  CsBrF40,  the 
previously  reported14  vibrational  spectrum  of  KBrF40  can  be 
reassigned  in  the  following  manner  (cm1):  930  (v,);  529  (v2); 
506, 486, 481, 459  (**,);  434  (v4);  421, 409,  399  (y»);  314  (,,); 
248,  239  (*/<,);  196,  184,  161  (p,). 

Assignments  for  CIF40"  and  IF40".  The  assignments 
previously  proposed11  for  C1F40"  have  been  confirmed  by  this 
study.  In  view  of  the  low-temperature  splittings  observed  for 
BrF40",  we  have  examined  the  low-temperature  Raman 
spectrum  of  CsC1F40  for  similar  effects.  In  general,  the 
assignments  for  chlorine  fluorides  are  more  difficult  than  those 
of  the  corresponding  bromine  and  iodine  compounds.  This  is 
caused  by  a well-documented22  overlap  of  the  frequency  ranges 
of  the  stretching  and  the  deformation  modes.  This  frequently 
results  in  coincidences  of  fundamental  vibrations  and,  if  they 
belong  to  the  same  symmetry  species,  in  their  mixing. 

Although  the  room-temperature  Raman  spectra  of  CsBrF40 
(see  Figure  2)  and  CsC1F40  (see  Figure  3)  in  the  HalF4 
stretching  frequencies  region  appear  at  first  glance  to  be  quite 
analogous,  this  first  impression  is  somewhat  misleading.  For 
C1F40~,  the  antisymmetric  C1F4  stretching  mode  i/7  has  a 
frequency  considerably  higher  than  those  of  the  two  symmetric 
stretching  modes  v2  and  *»4,  whereas  for  BrF40  the  frequency 
of  v7  falls  between  those  of  v2  and  i>4.  Therefore,  for  C1F40‘ 
the  bands  belonging  to  p7  are  well  isolated  and  can  be  assigned 
with  confidence.  The  remaining  assignment  of  the  C1F40“ 
spectrum  has  previously  been  discussed  in  detail13  and, 
therefore,  is  not  reiterated. 

For  IF40  , the  assignments4  proposed  by  Milne  and  Moffett 
have  been  adopted,  except  for  v,  (E).  This  mode  results  in 
a very  weak  and  broad  Raman  band.  On  the  basis  of  fre- 
quency correlations  with  related  molecules  and  force  constant 
arguments,  a frequency  of  about  140  cm’1  appears  more 
plausible  than  the  value  of  124  cm  1 previously  proposed.4 
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Table  II  lists  the  frequencies  of  12  species  containing  an 
approximately  square-planar  XF4  group.  The  given  assign- 
ments are  all  consistent  with  each  other,  thus  rendering  any 
gross  misassignments  for  any  of  these  species  highly  unlikely. 
The  trends  observed  within  this  group  of  1 2 species  will  be 
discussed  in  terms  of  their  force  constants  (see  below)  rather 
than  in  terms  of  their  frequencies  since  the  frequencies  of  some 
of  the  modes  are  strongly  influenced  by  the  mass  of  the  central 
atom. 

Force  Coast  ants.  The  plausibility  of  the  above  assignments 
for  the  XF40'  anions  was  examined  by  computations  of 
modified  valence  force  fields  and  by  their  comparison  with 
those  of  the  structurally  related  XF4  and  XF3  species.  The 
required  potential  and  kinetic  energy  metrics  were  computed 
by  a machine  method21  using  the  geometries  listed  in  Table 
111.  For  BrF40"  and  C1F4CT  the  exact  geometries  are  un- 
known and  therefore  idealized  bond  angles  of  90°  were  as- 
sumed. The  bond  lengths  of  BrF40"  were  estimated  by 
comparison  with  those  known  for  the  related  species  BrF4"," 
BrF3,25  and  Br04  .26  For  C!F40~  the  previous  estimates11  were 
adopted.  For  I F40"  the  exact  geometry  is  known.1  Since  the 
observed  OIF  bond  angle  of  89°  is  very  close  to  the  90°  es- 
timates used  for  C1F40'  and  BrF40  and  since  the  OXeF  bond 
angle  in  XeOF4  was  found  to  be  larger  than  90°  (9 1.8°), 27 
we  have  also  used  a 90°  bond  angle  for  IF40~.  This  simplifies 
the  computations  and  makes  the  resulting  force  fields  more 
comparable.  The  force  constant  definitions  used  arc  those14 
of  Begun  ct  al.  Literature  values,  for  which  the  deformation 
coordinates  had  been  weighted  by  unit  (1  A)  distance,  were 
converted  back  to  unweighted  values  to  allow  a better  com- 
parison. The  force  constants  were  adjusted  by  trial  and  error, 
assuming  the  simplest  possible  modified  valence  force  field, 
to  give  an  exact  fit  between  the  observed  and  computed 
frequencies.  The  potential  energy  distribution  showed  that 
for  the  XF40"  anions  all  of  the  vibrations  were  highly 
characteristic  (99-100%),  except  for  the  E block.  However, 
introduction  of  small  Fn  terms  resulted  in  the  E-block  vi- 
brations also  becoming  highly  characteristic  (91%  or  higher). 
The  resulting  force  fields  are  summarized  in  Table  IV. 

As  can  be  seen  from  Table  IV,  the  force  constants  are  all 
very  reasonable.  A few  very  minor  deviations  can  be  readily 
explained.  For  example.  f„  of  BrF4~  appears  somewhat  high. 
This  is  caused  by  using  for  the  antisymmetric  stretching  mode 
the  relatively  low  frequency  value  of  478  cm"1  observed  for 
the  solution  spectrum.19  For  the  solid,  the  band  due  to  this 
vibration  is  extremely  broad1*  with  its  band  center  being  closer 


Table  IV.  Comparison  of  the  Symmetry  and  Internal  Force  Constants0  of  12  Species  Containing  an  Approximately  Square-Planar  XI-  , 
Group  Using  the  Assignments  and  Frequency  Values  of  Table  II 


Cll',0- 

city 6 

C1F,C 

BrF.O- 

Briy  b 

Brl'sc 

IF.'6 

IF.O' 

IF.c 

XeF„6 

XeF„0 d Xciy* 

A,  F„  fn 

9.38 

3.51 

6.70 

4.02 

6.56 

4.82 

7.08 

4.35 

I ij  ” fr  + Vrr  + frr' 

2.33 

2.853 

3.24 

2.80 

3.06 

3.81 

3.052 

3.23 

4.22 

3.302 

3.60 

4.38 

Fit  ~fp  + + fffl' 

0.415 

0.630 

1.20 

0.470 

0.577 

0.805 

0.514 

0.575 

0.72 

0.597 

0.601 

0.875 

B,  F44  - fr  — 2 ffj.  4 J5r' 

1.38 

1.946 

2.59 
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a 152 
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F"  = f8-iag' 
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0.418 
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0.382 
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0.143 
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0.091 
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0.232 

Fu~ frQ  fr$' 

0 246 
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/fi 
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4.02 
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fr 
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2.13 
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2.221 

2.458 

3.77 
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3.258 

3.968 

frr 
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0.23 

0.161 

0.213 

0.20 

0.15 

0.183 

0.163 

0.035 

0.120 

0.123 

0.053 

frr' 

0.028 

0.27 

0.244 

0,232 

0.433 

0.27 

0.466 

0.447 

0.38 

0.007 

0.098 

0.318 

fJ 

0.187 

-0.2 

0.385 

0.148 

0.156 

0.260 

-0.1 

0.113 

0.205 

-0.13 

0.137 

0.246 

w 

0.46 

-0.6 

0.98 

0.428 

~0.5  . 

0.720 

-0.46 

0.510 

0.623 

-0.49 

0.509 

0.735 

° AU  values  in  mdyn/A.  6 

Data  from  ref  1 9.  c 

Data  from  rsf  16. 
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= 0.  * 
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to  500  cm"1.  If  this  higher  frequency  value  is  chosen,/,,  of 
BrF4"  becomes  more  similar  to  those  of  BrF40~  and  BrFs. 
Similarly  for  the  lighter  central  atoms,  the  off-diagonal 
symmetry  force  constants  in  the  E block  become  more  im- 
portant, thus  increasing  the  uncertainties  in  these  numbers 
which  were  obtained  from  underdetermined  force  Helds. 

General  Trends.  Inspection  of  Table  IV  reveals  the  following 
trends.  Whereas  the  values  of  the  XF  stretching  force  con- 
stants either  are  similar  (within  the  XF4'  series)  or  increase 
in  the  direction  Cl  < Br  < I (for  XF40  and  XF5),  the  XO 
stretching  force  constant  in  CIF40  is  much  higher  than  those 
in  both  BrF40  and  IF40".  Since  the  values  of  the  XO  force 
constants  within  the  C104",  Br04",  I04"  scries  (8.24, 6.05,  5.90 
mdyn/A)2*  exhibit  the  same  trend,  this  seems  to  reHect  a 
general  characteristic  of  XO  bonds.  In  the  X04  scries,  the 
central  X atom  does  not  possess  any  free  valence  electron  pair 
or  Huorine  ligands,  and  therefore  no  special  resonance  or 
bonding  effects  should  be  invoked.  The  bond-weakening  effect 
of  a formal  negative  charge  in  the  anions  and  the  bond- 
strengthening effect  of  a positive  charge  in  the  cations  are  as 
expected.  The  negative  charge  increases  the  Xu — F*  polarity 
of  the  XF4  bonds,  thus  weakening  them.  The  reverse  is  true 
for  a positive  charge.  This  effect  can  also  account  for  most 
of  the  observed  increase  in  the  force  constants  when  going  from 
an  iodine  species  to  the  corresponding  isoelectronic  xenon 
species  which  differ  by  one  formal  charge. 

A comparison  of  the  XF4"-XF40  pairs  for  each  halogen 
shows  that  for  X being  chlorine,  an  oxygen  substituent  releases 
electron  density  to  the  more  electronegative  CIF4  group,  thus 
increasing  the  polarity  of  the  C1F4  bonds  and  decreasing  the 
Ci-F  stretching  force  constant.  For  X being  bromine,  there 
is  little  change  in  the  X-F  stretching  force  constant  indicating 
comparable  electronegativities  for  oxygen  and  the  BrF4  group. 
For  X being  iodine,  oxygen  becomes  more  electronegative  than 
the  IF4  group,  thus  withdrawing  electron  density  from  IF4  and 
increasing  the  covalency  of  the  IF4  bonds. 

The  XF4  deformation  constants  fa  show  the  expected  trend. 
With  decreasing  size  of  the  central  atom,  the  mutual  repulsion 
among  the  ligands  increases  and  the  bonds  become  more 
difficult  to  deform.  The  FXO  angle  deformation  constant, 
does  not  appear  to  change  significantly  when  going  from 
chlorine  to  iodine.  However,  for  a given  halogen  atom,/; 
appears  to  follow  the  same  trends  exhibited  by  the  corre- 


sponding XF4  stretching  force  constants,/. 
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The  infrared  spectra  of  gaseous,  solid,  and  matrix-isolated  BrFjO  and  the  Raman  spectra  of  solid  and  liquid  BrFjO  and 
of  its  HF  and  FClOj  solutions  are  reported.  Nine  fundamental  vibrations  were  observed,  and  some  7,Br-"Br  isotopic  shifts 
were  measured  in  Ne,  Ar,  and  N2  matrices.  These  data  support  a pseudo-trigonal-bipyramida!  structure  of  symmetry  C, 
with  two  fluorine  atoms  at  the  apexes  and  one  fluorine,  one  oxygen,  and  one  localized  free  electron  pair  at  the  remaining 
corners.  A modified  valence  force  field  was  computed  using  the  isotopic  data.  The  results  show  that  the  equatorial  Br-F 
bond  {fK  - 3.51  mdyn/A)  is  significantly  stronger  than  the  two  axial  Br-F  bonds  (fr  - 2.93  mdyn/A)  and  that  the  bond 
order  of  the  Br-0  bond  is  close  to  2 (fD  * 7.68  mdyn/A).  The  vibrational  and  ’*F  NMR  spectra  show  that  in  the  liquid 
and  solid  state  BrFjO  is  associated  through  the  axial  fluorine  atoms.  Thermodynamic  properties  were  computed  for  BrF30 
in  the  range  0-2000  K. 
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Introduction 

The  synthesis  of  the  novel  bromine  oxyfiuoride  BrFjO  has 
recently  been  reported1  by  Bougon  and  Bui  Huy.  On  the  basis 
of  incomplete  vibrational  spectra,  a structure  of  symmetry  C, 
was  proposed1  for  BrFjO.  In  this  paper,  the  results  of  a 
detailed  investigation  and  analysis  of  the  vibrational  and  ,4F 
NMR  spectra  of  this  interesting  compound  are  given  which 
confirm  the  previo.  sly  proposed  structure. 

Experimental  Section 

Bromine  trifluoride  oxide  was  prepared,  as  previously  described,1 
from  KBrF40  xnd  OjAsF,  by  a displacement  reaction  in  BrFs.  The 
starting  materials  KBrF.O  and  Q3AsF4  were  obtained  by  literature 
methods.2 1 The  vacuum  lines,  spectrometers,  instruments,  and 
sampling  techniques  used  at  C.E.N  have  previously  been  described.4-5 

At  Rocketdyne,  the  BrFjO  was  prepared  in  a passivated  sapphire 
reactor  which  was  connected  through  a small-volume  Teflon  FEP 
U-trap  to  a stainless  steel  Teflon  FEP  vacuum  system.  The  crude 
BrFjO  was  collected  in  this  U-trap  by  fractional  condensation  at  -20 
®C  and  was  further  purified  by  briefly  pumping  off  the  more  volatile 
components  at  0°.  The  U-trap  was  incorporated  into  the  matrix- 
isolation  apparatus  so  that  the  diluent  gas  could  be  swept  through 
the  trap  into  the  matrix-isolation  inlet  system.  The  length  and  diameter 
of  the  matrix  inlet  tube  were  kept  at  a minimum  to  avoid  decomposition 
of  the  BrFjO.  The  molar  ratio  of  diluent  to  sample  was  controlled 
by  the  temperature  and  hereby  the  vapor  pressure  of  BrFjO  in  the 
U-trap.  In  order  to  avoid  extensive  decomposition  of  BrFjO,  rapid 
deposition  rates  were  required.  The  matrix-isolation  experiments  were 
carried  out  at  3.6  K using  Csl  windows  and  an  apparatus  previously 
described.47  A Pcrkin-Elmer  Model  283  spectrometer  was  used  which 
was  calibrated  by  comparison  with  standard  gas  calibration  points.*-* 
The  reported  frequencies  and  isotopic  shifts  are  believed  to  be  accurate 
to  ±1  and  ±0.1  cm"1,  respectively. 

The  recording  of  infrared  spectra  of  gaseous  BrFjO  was  found 
difficult  due  to  rapid  attack  of  the  AgCl  or  AgBr  windows.  Since 
the  attack  of  the  AgBr  windows  was  very  rapid,  they  were  protected 
by  a 1 mm  thick  polyethylene  sheet.  To  ensure  that  the  observed  bands 
were  indeed  belonging  to  BrFjO,  the  cell  was  periodically  evacuated 
and  refilled  with  fresh  BrFjO.  One  of  the  decomposition  products 
found  in  the  infrared  cell  was  BrFj. 

The  concentrated  solution  of  BrFjO  in  HF  was  obtained  by 
dissolving  a sample  of  CsBrF40  in  a thin-walled  6 mm  o.d.  Kel-F 
capillary  in  anhydrous  HF.  When  the  KF  was  added,  the  following 
displacement  reaction  occured  in  quantitative  yield:10 

CsBrF40  + HF  -*  CsHF,  + BrF.O 

The  Raman  spectra  of  this  solution  were  recorded  on  a Cary  Model 
83  spectrophotometer  using  the  4880-A  exciting  line.  A Claassen 
filter  was  used  to  eliminate  plasma  lines.11  Polarization  measurements 
were  carried  out  by  method  VIII  as  described  by  Claassen  et  al.u 

Ressilts  sad  Discussions 

As  previously  discussed12  in  detail  for  ClFjO,  a monomeric 
halogen  trifluoride  oxide  molecule  theoretically  could  possess 


one  of  the  following  three  structures: 
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It  has  previously  been  shown12  that  ClFjO  has  structure  I,  and 
the  same  arguments  also  hold  for  BrF30.  Thus,  the  observed 
number  of  fundamental  vibrations,  the  Br  isotopic  shifts,  the 
infrared  gas  band  contours,  and  relative  band  intensities  and 
frequencies  all  rule  out  structures  II  and  III.  The  following 
paragraphs  can,  therefore,  be  limited  to  a discussion  of  the 
experimental  data  in  terms  of  structure  I. 

Infrared  Spectrum  of  the  Gas.  Figure  1 shows  the  infrarod 
spectrum  of  gaseous  BrFjO.  Due  to  the  low  vapor  pressure 
and  low  thermal  stability  of  BrFjO,  only  the  five  most  intense 
infrared  bands  were  observed  in  the  gas  phase.  Figure  2 shows 
the  band  contours  of  four  of  these  bands  with  scale  expansion 
under  higher  resolution  conditions.  From  the  estimated  (see 
below)  geometry  of  BrFjO,  the  three  rotational  constants  were 
computed  to  be  A - 0.189,  B “ 0.1 19,  and  C * 0.086  cm'1. 
On  the  basis  of  these  values,  the  infrared  band  contours  of 
BrFjO  should  be  intermediate  between  those  of  sets  25  and 
24  in  the  tables  of  Ueda  and  Shimanouchi.13  The  band  at  601 
cm'1  shows  a P-R  branch  separation  of  about  17  cm'1  (see 
Figure  2),  in  excellent  agreement  with  the  17  cm'1  estimate13 
for  an  A-type  band.  This  confirms  the  assignment  of  this  band 
to  the  antisymmetric  axial  F-Br-F  stretching  mode,  (A"). 
For  this  mode,  the  change  of  dipole  moment  occurs  along  the 
axis  with  the  smallest  moment  of  inertia.  The  second  band 
for  which  a well-defined  band  contour  was  observed  is  the 
Br-O  stretching  mode,  v,  (A'),  at  995  cm'1.  This  band  does 
not  exhibit  weli-defined  P and  R branches,  as  expected13  for 
a blend  of  the  B and  C type. 

Infrared  Spectra  of  Matrix-Isolated  BrFjO.  Due  to  the 
limited  availability  of  gas-phase  data  and  the  tendency  of 
BrFjO  to  associate  in  the  liquid  and  solid  state  (see  below), 
it  was  important  to  obtain  matrix-isolation  spectra.  Fur- 
thermore, these  spectra  were  expected  to  yield  information 
about  the  nature  of  the  association  of  BrFjO.  Since  for  the 
closely  related  BrFj14  and  FBr02ls  molecules  pronounced  and 
unpredictable  matrix  effects  and  splittings  were  observed,  the 
spectra  of  BrFjO  were  recorded  in  three  different  matrix 
materials,  i.e.,  Ne,  Ar,  and  N2.  A survey  scan  of  BrFjO  in 
N2  is  shown  in  Figure  3,  trace  A.  Spectra  of  BrFjO  in  Ne, 
Ar,  and  N2,  recorded  with  scale  expansion  and  under  high 
resolution  conditions,  are  given  in  Figures  4-7,  together  with 
the  observed  frequencies.  As  can  be  seen,  the  matrix  data 
confirm  the  presence  of  the  five  bands  observed  in  the  gas- 
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Figure  1.  Infrared  spectrum  of  gaseous  BrF,0  at  5 mm  pressure.  The 
window  material  used  above  450  cm  1 was  AgCI  and  below  450  cm  1 
was  AgBr  protected  by  a 1 mm  thick  polyethylene  sheet.  The  broken 
lines  indicate  absorption  due  to  the  window  material. 


Figure  2.  Infrared  band  contours  recorded  for  gaseous  BrFjO  with 
10-fold  scale  expansion  under  higher  resolution  conditions. 


phase  spectra.  Two  additional  fundamental  vibrations  were 
observed  at  about  400  and  250  cm-1,  in  agreement  with  the 
Raman  data  (see  below).  By  analogy  with  previous  reports14’14 
on  matrix-isolated  BrFj,  the  BrFjO  speetta  exhibited  pro- 
nounced matrix  frequency  shifts  and  splittings.  As  for  BrF,14 
and  FBr02,*J  a Ne  matrix  was  found  to  give  for  most  bands 
the  simplest  spectrum  and  the  frequency  values  closest  to  those 
observed  for  the  gas  phase. 

The  matrix  spectra  exhibit,  in  addition  to  site  and  bromine 
isotopic  splittings  (see  below),  bands  due  to  associated  BrF30. 
Most  of  these  are  marked  by  a P in  Figures  4-7.  Their  as- 
signment to  associated  BrFjO  was  confirmed  by  variation  of 
the  matrix  ratio,  controlled-diffusion  experiments,  and  the 
recording  of  the  spectrum  of  neat  solid  BrF30  at  3.6  K (see 
trace  B of  Figure  3).  Their  interpretation  will  be  discussed 
later. 

Reliable  determination  of  the  bromine  isotopic  shifts 
(bromine  has  two  natural  isotopes,  7*Br  and  "Br,  of  about 
equal  abundance)  was  important  for  the  assignments  and  force 
field  computations.  Whereas  matrix  splittings  depend  on  the 
matrix  material,  the  isotopic  splittings  should  be  matrix  in- 
dependent and  be  observable  in  all  three  matrix  materials. 

In  a Ne  matrix,  monomeric  BrFjO  appears  to  occupy  only 
one  matrix  site,  as  evidenced  by  the  observation  of  a single 
isotopic  doublet  for  r(,  and  »7  (see  Figures  4-7).  The 
splittings  observed  for  *>»,  and  *<,  in  Ne  are  too  large  for 
bromine  isotopes  and  also  were  not  observed  for  the  Ar  and 
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Figure  3.  Vibraiicmal  spectra  of  solid  BrFjO:  trace  A,  infrared 
spectrum  of  BrFjO  in  a Ns  matrix  (MR  ~ 1000:1),  recorded  at  3.6 
K using  Csi  windows;  trace  B,  infrared  spectrum  of  neat  BrFjO, 
recorded  at  3.6  K using  Csl  windows;  traces  C and  D,  Raman  spectra 
of  neat  BrFjO,  recorded  at  -180  and  -30  *C,  respectively.  The  parts 
of  the  -30  °C  spectrum,  not  shown  in  this  figure,  closely  resembled 
those  of  trace  C. 

N2  matrices  which  contained  much  less  associated  BrFjO. 
Consequently,  one  of  the  two  bands  in  each  of  these  pairs  is 
attributed  to  associated  BrFjO. 

In  Ar  or  N2  matrices,  monomeric  BrFjO  occupies  at  least 
two  different  matrix  sites.  When  the  site  symmetry  splittings 
are  of  the  same  magnitude  as  the  bromine  isotopic  splittings, 
the  two  central  lines  will  coincide  and  the  bands  can  have  the 
appearance  of  a triplet  with  a more  intense  central  component. 
Typical  examples  for  such  apparent  triplets  are  the  bands  at 
about  580  cm"1  in  Ar  and  at  about  998  and  618  cm*1  in  Na. 
The  observed  and  computed  74Br-ilBr  isotopic  shifts  will  be 
given  and  discussed  in  the  force  field  section.  The  doublet  at 
98S.6  and  982.9  cm'1,  observed  for  the  Na  matrix  (see  Figure 
4,  lower  trace),  exhibits  a splitting  (2.7  cm'*)  too  large  for 
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Figure  4.  Infrared  spectra  of  matrix-isolated  BrFjO  (r,  region), 
recorded  at  .1.6  K with  20-fokl  scale  expansion  under  higher  resolution 
conditions.  The  upper,  middle,  and  lower  traces  were  recorded  for 
Ne,  Ar,  and  N2  matrices,  respectively.  (MR  ~ 1000:1).  Bands  due 
to  monomeric  and  to  associated  BrFjO  are  marked  by  M and  P, 
respectively. 

either  v,  (2.25  cm'1)  or  an  N2  site  splitting  but  has  about  the 
right  frequency  separation  (2.9  cm’1)  for  the  bromine  isotopes 
in  the  combination  band  (v7  + va)  and.  therefore,  is  assigned 
in  this  manner. 

Raman  Spectra.  Raman  spectra  of  BrFjO  were  recorded 
for  the  solid  at  -180  and  -30  °C  (Figure  3,  traces  C and  D), 
for  the  liquid  at  20  “C,  and  for  HF  solutions  at  high  and  low 
concentrations  (Figure  8,  traces  A,  B,  and  C).  The  spectra 
of  the  solid,  liquid,  and  HF  solutions  agree  well  with  each 
other,  except  for  the  symmetric  axial  F-Br-F  stretching  mode, 
vt  (A'),  which,  due  to  association  effects  (sec  below),  shows 
varying  degrees  of  splitting  and  frequency  shifts  to  lower 
frequencies.  The  infrared  spectra  (see  above)  had  shown  seven 
of  the  nine  fundamental  vibrations,  expected12  for  BrFjO  of 
symmetry  C,.  The  remaining  two  fundamental  vibrations  are 
readily  identified  from  the  Raman  spectra  and  have  fre- 
quencies of  about  200  and  330  cm Polarization  mea- 
surements were  carried  out  for  the  concentrated  HF  solution 
(traces  B.  Figure  8)  and  show  the  number  of  polarized  and 
depolarized  bands  expected  for  model  I (6  A'  + 3 A"). 

Assignments.  Assignment  of  the  nine  fundamental  vi- 
brations observed  for  BrFjO  is  straightforward.  By  analogy 
with  ClFjO,11  model  I of  symmetry  C,  should  possess  6 A'  and 
3 A"  modes,  all  being  infrared  and  Raman  active.  In  the 
Raman  spectrum,  only  the  A'  modes  should  be  polarized.  The 
experimental  observations  are  in  agreement  with  these  pre- 
dictions. 

Of  the  six  fundamental  vibrations  in  species  A',  three  should 
be  stretching  modes  involving  the  Br— O,  the  equatorial  Br-F, 
and  the  axial  F-Br-F  bonds,  respectively.  The  Br— O 
stretching  mode  should  have  a significantly  higher  frequency 
than  the  Br-F  modes  and,  therefore,  is  assigned  to  the  band 
at  about  1000  cm-1.  The  equatorial  Br-F  stretching  mode 
should  have  a higher  frequency  and  infrared  intensity  and  a 
significantly  larger  nBr-*lBr  isotopic  splitting  than  the 


The  v2  band  in  N2  matrix  was  recorded  for  a thicker  sample. 


Ftgwv  6.  Infrared  spectra  of  matrix-isolated  BrFjO  and  t>|  region). 

symmetric  axial  F-Br-F  stretch.  Consequently,  these  two 
modes  are  assigned  to  the  bands  at  625  and  5.11  cm'1,  re- 
spectively. 

For  the  assignment  of  the  three  A'  deformation  modes,  three 
polarized  Raman  bands  at  about  350,  240,  and  200  cm'1  are 
available.  The  three  deformation  modes  can  be  approximately 
described  as  an  equatorial  F-Br-O  scissoring  motion  and  as 
two  axial  F-Br-F  bending  motions.  Since  only  one  of  these 
three  involves  the  doubly  bonded  oxygen  ligand,  it  should  have 
the  highest  frequency  and  is  assigned  to  the  350-cm'1  fun- 
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Table  I.  Vibrational  Spectra”  of  BrF,0  Compared  to  Those  of  BrF,,b  C1F,0,C  and  ClF,b 

Obsd  freq,  cm"'  (rel  intens^) 


F F F F 
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0 All  frequencies  are  gas-phase  values  except  as  noted.  b Data  from  ref  17.  c Data  from  ref  12.  d Uncorrecicd  Raman  intensities.  * Ne 
matrix  value.  f Neat  solid.  * Concentrated  HF  solution. 


FREQUENCY,  cir.'1 

Figure  7.  Infrared  spectra  of  matrix-isolated  BrFjO  (tq  and  v,  region). 
The  *>4  and  t>5  bands  in  Nj  and  the  vs  band  in  Ar  were  recorded  for 
a thicker  sample. 

damental.  The  two  remaining  fundamentals  belong  to  the  two 
axial  F-Br-F  bending  modes.  Since  they  are  highly  mixed 
(see  below),  their  identity  will  be  discussed  in  the  force  constant 
section. 

There  arc  three  fundamental  vibrations  it)  species  A"  with 
frequencies  of  about  600,  390,  and  330  cm"1  available  for 
assignment  to  the  antisymmetric  axial  F--Br-F  stretch  and  the 
equatorial  F-Br-0  wagging  and  torsion  motions.  On  the  basis 
of  its  high  frequency,  large  7,Br-slBr  isotopic  splitting,  and 
high  infrared  and  low  Raman  intensity,  the  600-cm"1  fun- 
damental must  be  assigned  to  the  antisymmetric  axial  F-Br-F 
stretching  mode.  Assignments  for  the  two  remaining  de- 
formation modes  arc  made  on  the  basis  of  their  relative  in- 
frared intensities.  The  torsional  mode  should  be  of  much  lower 
intensity  than  the  wagging  mode  and  is,  therefore,  assigned 


Figure  8.  Ram-.n  spectra  of  liquid  BrFjO:  trace  A,  neat  liquid;  traces 
B,  concentrated  HF  solution  with  the  incident  polarization  parallel 
and  perpendicular;  P and  DP  indicate  polarized  and  depolarized  bands, 
respectively;  trace  C,  dilute  HF  solution. 

to  the  330-crr.'1  fundamental.  This  leaves  the  390-cm"1 
fundamental  for  assignment  to  the  wagging  mode.  The  bands 
observed  below  130  cm"1  in  the  Raman  spectrum  of  solid 
BrF]0  have  frequencies  too  low  for  internal  modes  and  also 
were  not  observed  for  either  the  liquid  or  HF  solutions. 
Consequently,  they  are  assigned  to  lattice  vibrations. 

The  above  assignments  are  summarized  in  Table  1 and 
compared  to  those  previously  reported  for  C1F3012  and 
BrFj.14,16,17  As  can  be  seen,  the  agreement  is  excellent,  thus 
lending  additional  support  to  our  assignments.  The  decrease 
in  Ihc  frequencies  of  the  Hal  F stretching  vibrations  on  oxygen 
addition  is  caused  by  the  following  effect.  These  halogen 
fluorides  are  more  electronegative  than  oxygen,  Consequently, 
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Table  II.  Observed  Frequencies,  Symmetry  Force  Constants,"  Computed  and  Observed  v,Hr-‘l  Br  Isotopic  Shifts, 
and  Potential  Energy  Distribution11  for  BrF,0 

Isotopic  shifts,  cm"1 


Freq,  cm"1 

Symmetry  force  constants 

AvComp 

^obid 

PED 

A'  vx 

995 

F„  =/D 

7.68 
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2.25 
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1.54 

1.5 
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3.16 

0 
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vA 
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F44  — fa 

1.21 

1.01 

93F,4 

236 

F,t  =fp  +JW 

Fit  = Jy  + fyy' 
Fu  - fpy'  + fj}y' 
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0.30 
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1.23 

0.23 

98  Fu 

V9 
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1.15 

0.21 

96  F„ 

1 

■■s 

II 

0,2 

0 Stretching  constants  in  mdyn/A,  deformation  constants  in  mdyn  A/rad1,  and  stretch-bend  interaction  constants  in  mdyn/rad.  b Percent 
contributions.  Contributions  of  less  than  9%  to  the  PED  are  not  listed. 


Table  III.  Stretching  Force  Constants  (mdyn/A)  of  BrFjO  Compared  to  Those  of  Similar  Molecules 

BrO," 0 

BrO,"  0 
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BrF,0 
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BrF/ 

C1F,0* 
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cif/ 
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/«<X  F') 

6.05 
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7.68 
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8.24 

3.51 

4.07 
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4.19 

fr(\  F) 

2.14 
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2.93 

3.10 

3.24 

2.34 

2.70 

trr 

0.21 

0.23 

0.31 

0.15 

0.26 

0.36 

0 H.  Siebert,  “Anwendungen  der  Schwingungsspektroskopie  in  der  Anorganisehen  Chemie”,  Springer-Verlag,  West  Berlin,  1966. 

6 Reference  22.  c Reference  10.  d K.  O.  Christc,  E.  C.  Curtis,  and  E.  Jacob,  unpublished  results.  * Reference  16.  ^ K.  O.  Christe,  E.  C. 
Curtis,  C.  J.  Schack,  and  D.  Pilipovich, /norg.  Chent.,  11,  1679(1972).  i Reference  12.  h Reference  14. 


an  added  oxygen  ligand  releases  electron  density  to  the  rest 
of  the  molecule.  This  increases  the  F^-Hala+  polarity  of  these 
bonds  and  thereby  weakens  them. 

Force  Constants.  A normal-coordinate  analysis  was  carried 
out  for  BrFjO  to  support  the  above  assignments.  The  potential 
and  kinetic  energy  metrics  were  computed  by  a machine 
method.18  The  geometry  assumed  for  this  computation  was 
Z9(Br-0)  = 1.56  A,  /?(Br-F)  = 1.72  A,  r(Br-F)  = 1.81  A, 
a(O-Br-F')  = 120°,  <3(0  Br-F)  = 7 (F'-Br-F)  = 90°,  based 
on  the  observed19  geometry  for  BrF3  and  an  extrapolation 
between  Br-O  bond  length  and  stretching  frequency,  similar 
to  that20  used  for  CI-O  bonds,  using  the  data  published  for 
BrOT  21-22  and  FBr03. 23,28  In  the  absence  of  structural  data 
for  BrFjO,  we  assumed  an  idealized  geometry  with  90  and 
120°  bond  angles.  However,  on  the  basis  of  the  known  increase 
in  mutual  repulsion  within  the  series  F < O < free  electron 
pair,  the  true  geometry  of  BrFjO  is  expected  to  show  a F'- 
Br-O  bond  angle  of  less  than  120°  and  a slightly  bent  axial 
F-Br-F  group.  The  latter  prediction  is  also  supported  by  the 
observation  of  the  symmetric  axial  BrF2  stretching  mode  as 
a weak  band  in  the  infrared  spectrum  of  gaseous  BrFjO.  The 
symmetry  coordinates  used  for  BrFjO  were  identical  with  those 
previously  given12  for  ClFjO,  except  for  interchanging  S}  and 
5’4.  The  bending  coordinates  were  weighted  by  unit  (1  A) 
distance 

The  force  constants  were  adjusted  by  trial  and  error  with 
the  aid  of  a computer  to  give  an  exact  Fit  between  the  observed 
and  computed  frequencies.  The  observed  7,Br-*'Br  isotopic 
shifts  were  used  as  additional  constraints,  and  the  most  simple 
force  Field  was  chosen  which  exactly  duplicated  these  shifts. 
The  computed  force  constants  are  listed  in  Table  II.  Un- 
certainty estimates  are  difficult  to  make.  However,  numerical 
experiments  indicate  that  the  uncertainties  in  the  valence  force 
constants  should  no*  exceed  0.1  mdyn/A. 

As  can  be  seen  from  Table  II,  the  observed  frequencies  and 
isotopic  shifts  can  be  accurately  duplicated  by  a force  field 
which,  except  for  Fj*  and  F78,  is  diagonal.  In  the  A"  block, 
a small  value  was  required  for  Fn  in  order  to  be  able  to  fit 
the  isotopic  shift  observed  for  17.  The  introduction  of  a nonzero 
value  for  Fn  also  resulted  in  the  PHD  becoming  significantly 
more  characteristic.  In  the  A'  block,  a relatively  large  value 


was  required  for  FS6  in  order  to  be  able  to  fit  and  i\. 
However,  the  remaining  fundamentals  were  little  influenced 
by  the  value  of  F^. 

The  potential  energy  distribution  (sec  Table  II)  shows  that 
all  fundamentals  are  highly  characteristic,  except  for  v}  and 
vb  which  correspond  to  approximately  equal  mixtures  of  Fjj 
and  F«.  More  information  on  the  nature  of  v$  and  v6  can  be 
obtained  from  the  eigenvector  matrix  L.  Its  important  ele- 
ments for  v5  and  v6  arc  as  follows:  -O.OO6.S4,  0.1335’j, 

-0. 1 1 9^;  v6,  -O.034.S4,  0.057 S5,  0.08 15’6.  By  analogy  with 
ClFjO12,  r6  and  vs  correspond  to  a symmetric  and  an  anti- 
symmetric combination,  respectively,  of  the  symmetry  co- 
ordinates S(,  and  Ss.  As  shown  by  the  stick  diagram 


vt 


f/ 

I 

/|>o 

F 


v6  can  be  visualized  as  a symmetric  bending  motion  of  the  two 
axial  fluorine  atoms  in  a plane  containing  the  linear  F-Br-F 
group  and  the  free  valence  electron  pair  of  bromine.  The  t>} 
fundamental  can  be  considered  as  the  corresponding  bending 
motion  perpendicular  to  this  plane.  As  shown  by  the  stick 
diagram,  also  contains  a significant  contribution  from  the 
equatorial  scissoring  coordinate  S4. 

The  force  constants  of  greatest  interest  are  the  stretching 
force  constants  since  they  are  a direct  measure  for  the  strength 
and  covalent  character  of  the  various  bonds.  A comparison 
of  the  stretching  force  constants  of  BrFjO  with  those  of  similar 
molecules  and  ions  is  given  in  Table  III.  As  can  be  seen,  the 
value  of  the  Br-0  stretching  force  constant  is  in  good 
agreement  with  our  expectations  for  a BrO  double  bond.  The 
general  trend  of  the  Br-O  stretching  force  constants  listed  in 
Table  HI  is  similar  to  that  observed  for  chlorine  oxyfluorides.23 
The  force  constant  increases  with  increasing  fluorine  sub- 
stitution, oxidation  state,  and  formal  charge  of  the  central 
atom.  Consequently,  it  is  not  surprising  that  BrFjO  exbibits 
the  highest  fu  value  of  the  listed  compounds.  The  only 
presently  knot  n bromine  oxy fluoride  expected  to  have  a higher 
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Tible  IV.  “F  NMR  Spectra"  of  Neat  BrF,0  and  of 
BrF  O in  FCIO,  Solution 

TTo  ^To  -20  -30  -40 

Neat  liquid  165.2 

2.3  M soln  -165.2  -163.2  -161.4  -160.8  -160.2 

2.5  X 10'3  M soln  -169.7  -169.5  -168.9  -167.2 

" Chemical  shifts  in  ppm.  CFC1,  was  used  as  an  external  stand- 
ard. 

fD  value  is  the  Brf  30+  cation  w ,ias  a Br-O  stretching 
frequency  of  about  1050  cm'1.16'- 

The  Br-F  stretching  force  constants  of  BrF.O  arc  similar 
to  those  of  BrF>  although  somewhat  lower  due  to  the  electron 
density  releasing  effect  of  the  oxygen  substituent  (sec  above). 
The  difference  between  the  equatorial  and  the  axial  Br-F 
stretching  force  constant  of  BrF30  is  significantly  larger  than 
their  estimated  uncertainties  (see  above).  This  indicates  that 
the  equatorial  Br-F  bond  is  significantly  stronger  than  the  two 
axial  ones.  The  same  effect  has  previously  been  observed  for 
C!F,0  and  wa:.  explained13  by  significant  contributions  from 
semiionic  three-center  four-electron  p<r  bonds29  31  to  the  axial 
bonds. 

NMR  Data.  |91  NMR  spectra  were  recorded  for  the  neat 
liquid  at  +10  °C  and  for  FClOj  solutions  of  two  different 
concentrations  in  'he  temperature  range  +10  to  -40  °C  (see 
Table  IV).  By  analogy  with  ClFjO,25,32,33  only  a single  line 
signal  was  observed.  However,  it  has  been  shown34  by  re- 
laxation time  measurements  that  CIF.O  contains  two  different 
kinds  of  fluorines  with  a chemical  shift  separation  of  50  ppm. 
The  observation  of  a single  line  signal  was  attributed  to  rapid 
exchange.34  Consequently,  the  observation  of  a single  line 
signal  for  BrFjO  might  be  explained  in  a similar  manner  and 
should  not  be  used  as  an  argument  against  the  above  proposed 
model  of  symmetry  C,. 

The  signal  observed  for  BrFjO  was  shifted  to  higher  fL.d 
with  both  decreasing  temperature  and  increasing  concentration. 
Both  trends  indicate  that  the  resonance  for  associated  BrFjO 
(see  below)  occurs  upfield  from  that  of  monomeric  BrF30. 

Association  is  the  Liquid  and  Solid  Phase.  The  physical 
properties  of  BrFjO,  i.e.,  its  relatively  high  melting  and  boiling 
point  and  low  vapor  pressure,  indicate  association  in  the  liquid 
and  solid  phase.  This  was  experimentally  confirmed  by  vi- 
brational and  NMR  spectroscopy.  By  analogy  with  the 
findings  for  the  similar  pseudo-trigonal-bipyramidal  molecules 
BrF3,  SF4,  CIF^14,35  and  ClFjO,12  it  can  be  shown  that 
condensed  3rF30  is  associated  through  fluorine  bridges.  The 
bromine  atom  achieves  pseudohexacoordsnation  by  accepting 
an  axial  fluorine  atom  of  another  BrFjO  molecule  as  a fourth 
equatorial  ligand. 

As  expected12  for  this  type  of  association,  the  axial  F-Br-F 
stretching  frequencies  are  shifted  to  significantly  lower  fre- 
quencies, whereas  the  Br-O  and  the  equatorial  Br-F  stretch 
arc  only  little  affected.  Thus,  the  Raman  spectra  of  the  neat 
liquid  and  of  HF  solutions  of  BrF30  (sec  Figure  8)  show  that 
the  band  due  to  the  symmetric  axial  F-Br-F  stretching  mode 
has  decreased  in  frequency  by  30-80  cm-1  and  has  become 
very  broad.  The  Raman  spectrum  of  a 2 X 10"2  M solution 
of  BrFjO  in  FClOj  at  -10  °C  has  also  been  recorded. 
However,  in  this  relatively  unpolar  solvent,  the  monomer 
concentration  is  high,  as  evidenced  by  v,ym( F-Br-F)  having 
a frequency  of  527  cm"1.  For  the  Br-O  and  the  equatorial 
Br-F  stretching  mode,  frequencies  of  996  and  619  cm'1, 
respectively,  were  observed  which  are  also  close  to  those  of 
the  corresponding  gas-phase  values. 

For  neat  solid  BrFjO  (sec  Figure  3,  traces  B-D)  association 
predominates,  as  expected.12  For  the  symmetric  F-Br-F 
stretching  mode,  only  a weak  Raman  band  occurred  in  the 


Table  V.  Thermodynamic  Properties  for  Bi  F,0 


H°  -H°, 

5°,  cal 

Cp° , kcal 

kcal 

kcal  mol"1 

mol'* 

7\  K 

mol"1  deg"1 

mol"1 

deg"1 

deg"1 

0 

0 

0 

0 

0 

100 

10.871 

0.872 

30.788 

59.512 

200 

16.448 

2.255 

37 .595 

68.868 

298.15 

19.830 

4.050 

62.543 

76.127 

300 

19.878 

4.087 

62.627 

76.250 

400 

21.852 

6.182 

66.809 

82.264 

500 

23.032 

8.431 

70.416 

87.278 

600 

23.775 

10.774 

722591 

91.548 

700 

24.265 

13.178 

76.427 

95.252 

800 

24.603 

15.622 

78.988 

98.516 

900 

24.845 

18.095 

81.322 

101.428 

1000 

25.023 

20.589 

83.466 

104.055 

1100 

25.157 

23.098 

85.448 

106.447 

1200 

25.261 

25.619 

87.291 

108.641 

1300 

25.343 

28.150 

89.012 

110.666 

1400 

25.409 

30.688 

90.627 

112.547 

1500 

25.462 

33.231 

92.147 

114.301 

1600 

25.506 

35.780 

93.584 

115.946 

1700 

25.543 

38.332 

94.945 

117.494 

1800 

25.574 

40.888 

96.239 

118.955 

1900 

25.600 

43.447 

97.471 

120.338 

2000 

25.623 

46.008 

98.648 

121.652 

monomer  region  at  526  cm"1,  but  a series  of  bands  was  ob- 
served at  51 1,  480, 457,  and  447  cm"1  with  increasing  relative 
intensities  which  show  infrared  counterparts  of  medium  in- 
tensities. Furthermore,  the  infrared  frequency  of  the  anti- 
symmetric F-Br-F  stretching  mode  has  decreased  by  about 
60  cm"1,  relative  to  the  gas-phase  value. 

The  above  conclusions  were  further  corroborated  by  the 
results  from  the  matrix-isolation  study.  In  addition  to  the 
bands  due  to  monomeric  BrFjO,  new  bands  were  observed, 
particularly  in  the  Ne  spectra.  These  new  bands  had  fre- 
quencies similar  to  those  of  neat  solid  BrFjO  and,  therefore, 
arc  assigned  to  associated  BrFjO.  In  agreement  with  previous 
findings12  for  ClFjO,  the  bands  due  to  associated  BrFjO  were 
observed  on  the  high-frequency  sides  of  v(Br— O)  and  v(Br-F') 
and  the  low-frequency  side  of  vu( F-Br-F)  (sec  Figures  4 and 
5 and  the  bands  marked  by  P).  For  ^(F-Br-F),  the  bands 
due  to  associated  BrFjO  at  490  and  470  cm"1  (trace  A,  Figure 
3)  exhibited  a large  shift  to  lower  frequencies  and  were  more 
intense  than  that  of  the  corresponding  monomer  band  at  524 
cm"1.  The  higher  intensities  of  the  490-  and  470-cm"1  bands 
do  not  imply  the  presence  of  more  associated  than  monomeric 
BrF30  but  are  mainly  due  to  a larger  change  of  dipole  moment 
involved  in  these  modes.  The  ratio  of  monomer  to  oligomer 
can  better  be  judged  from  the  relative  intensities  of  bands,  such 
as  v(BrO),  which  do  not  participate  in  the  bridge  formation. 
In  Figure  3,  trace  A,  the  appropriate  bands  are  998  cm"1 
(monomer)  and  the  shoulder  on  its  high-frequency  side  (ol- 
igomer). 

It  should  be  noted  that  the  spectra  of  neat  liquid  or  solid 
BrFjO  did  not  show  any  evidence  for  bands  due  to  BrF20+26"a 
or  BrF4O'.2,0J*  This  rules  out  extensive  self-ionization  ac- 
cording to  2BrFjO  «=*  BrF20+BrF40". 

Additional  support  for  the  proposed  association  stems  from 
'.he  19F  NMR  spectra  of  BrFjO  which  by  analogy  with 
those26,34  of  ClFjO  show  an  upfield  shift  with  increasing 
concentration  and  decreasing  temperature,  conditions  which 
favor  association.  For  ClFjO,  the  axial  fluorine  signal  is 
observed34  at  higher  field  than  that  due  to  the  equatorial 
fluorine.  Since  the  axial  fluorine  bond  is  weaker  than  the 
equatorial  one,  an  upfield  shift  is  indicative  of  bond  weakening, 
i.e.,  association. 

Thermodynamic  Properties.  The  thermodynamic  properties 
of  BrFjO  were  computed  with  the  molecular  geometry  given 
above  and  the  vibrational  frequencies  of  Table  H,  assuming 
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an  ideal  gas  at  I atm  and  using  the  harmonic-oscillator- 
rigid-rotor  approximation,37  These  properties  are  given  for 
the  range  0-2000  K in  Table  V. 

Conclusion.  Except  for  the  l9F  NMR  data,  which  in  the 
absence  of  relaxation  time  measurements34  are  inconclusive, 
all  of  the  data  observed  for  BrF30  are  in  excellent  agreement 
with  the  predictions  made  for  model  I of  symmetry  Cs. 
Whereas  gaseous,  matrix-isolated,  and  FClOj-dissolved  BrFjO 
is  mainly  monomeric,  liquid,  solid,  and  HF-dissolved  BrFjO 
shows  pronounced  association  involving  bridging  through  the 
axial  fluorine  atoms.3* 
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Abstract.  The  reactions  of  simple  chlorine  containing  compounds  of  the  general 
composition  XC1  are  reviewed  and  discussed.  The  compounds  included  for  review  are 
C1F,  R,OCI,  SF,OCI,  CF.OOCI,  SI:,OOCl,  CIOSOT,  CIOCIO,  and  CIONO..  It  is 
concluded  that  most  of  the  known  reaction  chemistry  of  electropositive  chlorine 
compounds  can  he  rationalized  in  terms  of  either  addition  of  Cl-X  across  multiple 
bonds  or  oxidative  addition  to  atoms,  such  as  iodine  or  sulfur  in  their  lower  oxidation 
states.  The  observed  variety  of  final  reaction  products  can  be  explained  by  a multitude 
of  secondary  reactions  which  can  involve  either  eliminations,  further  additions  or 
degradations.  The  observed  reactions  are  easily  moderated  and  controlled  and  only 
seldom  is  no  reaction  encountered. 


INTRODUCTION 

This  review  is  concerned  with  the  reactions  of  simple 
chlorine  containing  compounds  of  the  general  composi- 
tion XC1  in  which  the  chlorine  atom  has  electropositive 
character.  The  X*'-CI"  polarization  of  the  XC1  bonds 
arises  front  the  combination  of  chlorine  with  a group  of 
higher  electronegativity.  The  compounds  included  for 
review  arc  CIF,  R.OCI,  SF.OC1,  CF.OOCI,  SF.OOC1, 
OOSOjF,  CIOCIO.,  and  CIONO..  Except  for  chlorine 
monofluoride  and  chlorine  nitrate,  these  compounds 
have  all  been  discovered  within  the  last  15  years.  Never- 
theless during  this  relatively  short  period  an  extensive 
reaction  chemistry  has  developed  involving  both  inor- 
ganic and  organic  compounds.  In  particular,  the  incorpo- 
ration of  positive  chlorine  species  in  fluorocarbons  and 
their  reactions  with  fluorocarbons  are  often  unique.  This 
review  was  written  because  this  area  of  investigation  is 
most  interesting  and  fruitful  and  since  it  has  not  previ- 
ously been  reviewed. 

By  virtue  of  the  combination  of  chlorine  with  a highly 
electronegative  substituent,  all  of  these  materials  are 
medium  to  strong  oxidizing  agents.  As  a consequence  of 
this,  care  in  their  handling  and  use  is  mandatory.  On  the 
other  hand,  it  is  this  enhanced  reactivity  which  promotes 
and  makes  interesting  their  reactions  with  the  “inert” 
fluorocarbons. 

CHLORINE  MONOFLUORIDE 
Svnthesis  and  Properties 

Chlorine  monofluoride  was  first  prepared  in  1928  by 
Ruff  and  Aschcr'  by  a thermal  reaction  of  the  elements. 
Because  this  reaction  can  be  difficult  to  control,  the 
alternate  method  of  Schmitz  and  Schumacher1  is  com- 
monly used  to  obtain  CIF. 

Cl.  + CIF,  3 CIF 

Recent  detailed  descriptions  of  this  method  are  available 
for  either  flow'  or  static4  conditions  as  well  as  flow 
conditions  for  the  reaction  of  the  elements.'  The  low  mp 
(-I56°C)  and  bp  (-1(X)°C)  of  CIF  facilitate  its  manipula- 
tion in  vacuum  systems  and  permit  contact  and  mixing 
under  moderating  effect  of  low  temperature.  Extensive 
reviews*-*  have  been  published  on  the  physical  properties 


■«nd  general  chemistry  of  CIF  and  other  interhalogen 
fluorides. 

M,  sgrave*  has  described  early  reactions  of  halogen 
fluorides  with  organic  materials.  Others10-1’  have  touched 
on  the  subject  but  have  been  more  concerned  with 
systems  leading  to  the  addition  of  the  elements  of  XF 
(X  = Cl,  Br,  I)  to  organic  substrates.  The  reagents  used  in 
the  latter  reactions  are  generally  not  the  interhalogen 
fluorides  themselves  but  rather  mixtures  of  X and  F 
sources  such  as  N-halosuccinimide  and  HF.  The  reac- 
tions of  CIF  surveyed  in  these  monographs  attest  to  its 
oxidizing  character  and  vigorous  nature. 

Based  on  the  observed  reaction  chemistry  and  the 
common  acceptance  of  fluorine  as  the  most  electronega- 
tive element,  it  was  a consensus  that  the  direction  of  the 
polarization  in  chlorine  monofluoride  is  Cl**-F*\  Re- 
cently, however,  this  concept  was  disputed  by  Ewing  et 
al.14  who,  based  on  Zeeman  effect  measurements,  con- 
cluded that  the  sign  of  the  electric  dipole  in  the  molecule 
should  be  Cl*"-F*4.  Shortly  after  this  report, 
Hartree-Fock  calculation  by  Greene”  nd  ESCA  results 
of  Carroll  and  Thomas1*  were  published  which  supported 
the  classical  electropositive  chlorine  concept  for  CIF.  At 
about  the  same  time,  some  of  the  original  authors  of  the 
Zeeman  investigation  reexamined17  their  results.  While 
no  error  in  the  experimental  data  was  found  it  was 
concluded  that  the  marginal  nature  of  the  Zeeman  dipole 
measurements  was  insufficient  to  prove  the  direction  of 
the  dipole,  and  that  the  measurement  should  uc  repeated 
under  higher  resolution  conditions.  The  ESCA  experi- 
ments fulfill  this  need  and  it  is  safe  to  say  that  the  polarity 
in  CIF  is  as  expected.  The  reactions  of  CIF  with 
fluorocarbons  which  reflect  this  polarity,  are  divided  by 
type  and  summarized  in  the  following  paragraphs. 

Chlorination 

Reactions  of  CIF  which  have  most  often  been  used  to 
attain  chlorination  of  a substrate  are  those  involving 
alkali  metal  salts,  -OH,  and  -CH  functions.  In  the  case  of 
salts  the  formation  of  the  alkali  metal  fluoride  provides 
an  effective  driving  force  for  the  reaction.  This  method 
provided  the  first  synthesis  of  the  perfiuoroalkyl  hypo- 
chlorites CFjOCI1*  and  (CF.J.COCI,1* 
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KOCF,  + CIF  » KF  + CF.OCI 
Assurance  that  only  the  salt  and  not  its  decomposition 
products,  COF)  and  KF,  reacted,  was  achieved  by  con- 
ducting the  above  reaction  at  a temperure  of  -78®C  at 
which  no  decomposition  of  the  KOCF,  starting  material 
is  possible.  The  class  of  R,OCI  compounds,  which  are 
themselves  positive  chlorine  species,  will  be  discussed  in 
detail  later. 

Cesium  salts  obtained  as  by-products  in  fluorocarbon 
ester  reactions  were  identified  by  treatment  with  CIF.* 


CF-CI  0 

i II 

CF.pHOCs  + CIF  — » CF,CCF,CI  4 HCI  + CsF 
(CF,),COCs  + CIF-CF./cF,  + CF,CI  + CsF 


Here  one  would  have  expected  an  alkyl  hypochlorite  to 
form.  That  it  was  not  observed  might  be  due  to  lack  of 
controlled  reaction  conditions  causing  decomposition  of 
the  hypochlorites  to  the  products  shown.  A simple 
chlorination  was  noted*  for  the  trifluoromethyl  sulfinate 
salt. 

CF,SO,Cs  + CIF  -*  CF»SO,CI  + CsF 


Another  effective  driving  force  resulting  in  chlorination 
is  the  formation  of  HF.  Several  -OH  compounds  have 
thereby  been  converted  to  the  corresponding  hypochlo- 
rites.* 


ROH  + CIF  ROCI  + HF 


R = (CF,),C- . (CF,),CH-,  (CF,),CCH,-,  CF,CH,- 

However,  perfluoropinacol  gave  only  degradation  pro- 
ducts while  t-butvl  alcohol  reacted  explosively.  From  the 
successful  cases  it  was  concluded  that  one  CF,  group  in 
the  a position  is  all  that  is  necessary  to  allow  preparation 
of  the  hypochlorite  from  the  alcohol.  Peroxy  hydrogens 
can  also  be  substituted  by  chlorine  using  CIF.1' 

CF.OOH  + CIF  CF,OOCI  + HF 

No  0-0  bond  cleavage  was  observed  and  thus  no 
CF,OCl  formed.  The  reported  stability  of  the  compound 
at  2S°  has  not  been  experienced  by  others”  although  it  is 
sufficiently  stable  to  be  synthetically  useful  as  will  be 
shown  later.  Ouite  recently  DesMarteau1’  has  utilized 
this  reaction  path  to  prepare  and  isolate  for  the  first  time, 
perfluoroacyl  hypochlorites. 


even  though  sulfur  is  often  attacked  and  oxidized  by  CIF 
in  similar  compounds.*  Aromatic  hydrocarbons  have 
been  studied  by  Gambaretto  and  Napoli.’  Using 
stoichiometric  quantities,  monochloro  substitution  pro- 
ducts were  obtained  in  all  cases  with  yields  ranging  from 
60-80%.  Benzene  gave  chlorobenzene,  and  toluene  pro- 
duced 2-  and  4-chlorotoluene  in  a 2:1  ratio.  Styrene 
reacted  primarily  via  CIF  addition  to  the  olefin  side 
chain,  but  this  was  succeeded  by  limited  substitution  in 
the  para  position  only.  These  aromatic  chlorinations  are 
indicative  of  a directed  electrophilic  attack.  In  these 
instances  as  in  others,  carefully  selected  reaction  condi- 
tions, such  as  solvents,  diluents,  and  low  temperature, 
resulted  in  controlled  specific  chlorine  substitution  reac- 
tions. Furthermore,  in  all  the  preceding  examples  OF 
reacted  exclusively  as  a positive  chlorine  material. 

Fiuorinalion 

Non -oxid'ilive  fiuorinalion.  Relatively  few  cases  have 
been  reported  in  which  CIF  acts  simply  as  a fluorine 
substituting  agent.  One  process  involving  fluorination  as 
a significant  pathway  is  the  conversion  of  cyanuric 
chloride  to  the  fluoride." 


N N N 

Cl 

I u 


Pure  CIF  produced  43%  I and  17%  II,  while  pure  CIF, 
gave  only  I but  in  the  same  yield.  Presumably  the 
nitrogen  lone  pain  increase  the  negative  character  of  the 
ring  chlorine  thus  facilitating  its  combination  with  Cl** 
and  replacement  with  fluorine.  Perhaps  a more  plausible 
explanation  for  the  above  reaction  is  the  stepwise  addi- 
tion of  CIF  across  a C*=N  double  bond,  followed  by  Cl, 
elimination.  Product  II  could  then  be  obtained  from  I by 
a repeated  CIF  addition.  The  analogous  reactions  were 
observed  for  the  addition  of  CIF  to  nitriles.  Although  not 
exclusively  a ..uorination  process,  the  action  of  CIF  on 
tetrachlorobutadiene  has  been  shown*  to  be  partially  of 
that  nature. 


CICH=CCICCI--CHC1  -*  C1CF,CFC1CFCICF,CI  (15%  I) 


R,CO,H  + CIF  - ‘"1-  R,CO,CI  + HF 

//  . ' 

R,  = CF„C,F, 

As  expected  the  compounds  have  low  thermal  stability. 
In  addition  they  are  explosive.  Displacement  of  hy- 
drogen from  carbon  need  not  occur  if  a more  reactive  site 
is  available  in  the  substrate  as  in  the  case  of  the  alcohols 
described  above.  Lacking  the  presence  of  a more  reactive 
group.  however,  stepwise  substitution  of  H by  Cl  can 
occur.14 

CF»SCH,CH,SCF,  +•  CIF  -♦  CFjSCHCICHjSCF, 

+ CFjSCCLCHaSCF,  + HF 

In  this  relatively  uncontrolled  experiment,  one  and  two 
chlorines  were  substituted  onto  the  same  carbon  indicat- 
ing a preferential  reactivity.  This  specificity  is  further 
demonstrated  by  the  fact  that  the  sulfur  is  not  affected 


+ CljCFCFCICFCICFCI,  (25%  II)  + C4F,CI,  (50%  III) 

Most  probably  CIF  addition  to  the  double  bonds  occur- 
red, followed  by  HF  or  HCI  elimination,  followed  by 
further  CIF  addition.  As  a net  result,  fluorination,  chlori- 
nation, and  chlorofluorination  all  occurred,  but  the 
former  was  dominant.  For  comparison,  CIF,  gave  similar 
products  but  the  amounts  of  II  and  III  were  reversed  as 
would  be  anticipated  in  view  of  its  higher  fluorine  values. 
The  displacement  of  chlorine  from  fluoroalkyl 
chlorosulfites  to  furnish  the  fluorosulfite  has  been  re- 
ported.” 

O O 

II  II 

R<OSC1  + CIF-*  R.OSF  + Cl, 

R,  - CF,CHj-,  (CFOiCH-,  (CF.J^CH,- 
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This  halogen  exchange  could  not  be  effected  by  NaP  or 
K.F  even  at  120°C.  Side  reactions  were  not  encountered 
and  the  fluoroalkyl  fluorosulfites  were  found  to  have  very 
good  thermal  stability.  All  of  the  foregoing  reactions  arc 
examples  for  the  replacement  of  chlorine  by  fluorine. 

Oxidative  fluorination.  During  studies  on  lower  valent 
sulfur  and  nitrogen  containing  fluorocarbons,  Shreeve 
and  coworkers  have  made  very  skillful  use  of  CIF 
reactions.  Some  of  their  early  work  has  been  summar- 
ized." Basically,  it  has  been  shown  that  CIF  is  capable  of 
effecting  stepwise  oxidation  of  S(II)  to  S(IV)  and  S(V1) 
without  large  amounts  of  C-S  bond  cleavage.  Generally, 
this  is  achieved  through  careful  reaction  temperature 
control,  but.  sometimes  the  nature  of  substituents  on 
sulfur  is  the  dominant  factor  in  determining  the  Anal 
oxidation  state  of  sulfur  in  the  product.  Although  these 
are  multistep  fluorination  reactions  and  probably  involve 
intermediate  S-Ci  moieties,  these  have  not  been  ob- 
served until  the  S (VI)  stage  is  attained  as  in  R,SF4CI. 

The  first  report”  of  this  kind  of  fluorination  used  a 
-78°C  reaction  temperature  which  resulted  in  exclusive 
conversion  of  S(I1)  to  S(1V). 

R.SRi  + 2 C’^  — R,SFjR; 

R,  = CFj-  Ri  = CF,-.  CF(CFj-,  CFSCF2CF2- 

Yields  were  greater  than  90%  and  no  C-S  bond  breakage 
was  noted.  In  contrast,  when  conventional  fluorinating 
agents  (AgFj,  CoF,,  F2)  were  employed,  only  C-S  scission 
and  degradation  products  were  obtained.  The  use  of  CIF 
at  higher  temperatures  resulted  in<  additional 
oxidation®'*1  furnishing  S(VI)  derivatives.  However, 
these  reactions  were  now  accompanied  by  significant 
amounts  of  C-S  bond  cleavage. 

CFjSCFj  + CIF— »CF,SF«CF,  (48% ) + CF,SF4CI  (25% ) 

CFjSCF2CFj  + CIF  - CF,SF4CF2CF,  (13%) 

+ CF,SF4CI  (13%)  + CFjCF2SF,C1  (31%) 

Interestingly,  these  S(VI)  compounds  with  pseudoocta- 
hcdral  geometry  were  found  by  NMR  to  be  mixtures  of 
cis  and  trans  isomers.  These  reactions  yielded  the  first 
examples  of  the  cis  isomers,  since  previously  published 
electrochemical  methods”  provide  only  the  trans  isomer. 
Also,  if  the  substrate  for  the  CIF  reaction  does  not 
belong  to  the  R(SR,  type  but  has  one  R(  replaced  by  -Cl, 
-SCFj,”  or  R**'“  then  again  only  the  trans  isomer  is 
formed. 

RiSCl  + CIF— ► R,SF4C1  (55%) 

R(  ■ CFj-,  C2Fj— , n— C»Ft-,  n-CJv- 
R4SSR,  + CIF-*  R,SF4C1  (25-75%) 

Ri  ~ CF j-,  C2Fj- 
CFjSR  + CIF  -*  CFjSF4R  (70% ) 

R ’»  CHj-,  CjHj- 

CFjSCHjSCFj  + C1F-*  CF,SF4CH2SF4CF>  (30% ) 

+ CFJSF4CHJF  (15%) 


alkyl  group  promotes  considerably  the  ease  of  oxidation 
of  the  sulfur  central  atom  by  this  electrophilic  reagent. 
Somewhat  at  variance  with  these  results  are  the  findings 
of  Haran  and  Sharp®  that  are  shown  by  the  equation: 

CF2CF2 

1 I 

CFjSCF2CFCFCF2SCF2  + CIF  CF,CFj 

CFjSFjCFjCFCFCFjSFjCFj 

Both  sulfur  atoms  were  oxidized  but  only  to  S(IV) 
despite  excess  quantities  of  CIF  being  present.  In  addi- 
tion, the  reluctance  of  the  sulfiir  to  participate  in  this 
reaction  is  reflected  by  the  fact  that  75%  of  the  starting 
material  remained  unreacted.  Apparently  there  is  an 
increasing  tendency  to  resist  oxidation  as  the  bulkiness  of 
the  fluoroalkyl  part  of  the  molecule  increases.  More 
examples  are  needed  to  verify  this  trend.  Cyclic  per- 
fluoroalkyl  sulfides  are  also  capable  of  stepwise  oxidative 
fluorination  with  chlorine  monofluoride.'* 


sf4 

s 

sf2 

/\„ 

f2c  cf2 

f2c  cf2 

F,C  XFS 

1 I ■ 

| I - 

-Z-*  I I 

f2c — cf2 

w f2c — cf2 

^ F2C CFj 

(63%) 

(74%) 

Again  only  temperature  control  is  required  to  produce 
either  an  S(1V)  fluoride  or  an  S(V1)  fluoride  in  good 
yield.  Similar  results  were  obtained  for  the  room  temper- 
ature reaction  of  perfluoro-1, 3-dithietane  and  perfluoro- 
1,4-dithietane.” 


Unfortunately  no  low  temperature  experiments  were 
carried  out  with  the  dithietanes,  but  it  is  to  be  expected 
that  at  lower  temperature  the  sulfur  (IV)  fluoride  analogs 
of  these  compounds  could  be  prepared.  Once  more, 
it  should  be  noted  that  in  all  the  fluorination  reactions 
examined  involving  cyclic  or  acyclic  disulfides,  the  only 
products  isolated  were  those  in  which  both  sulfur  atoms 
are  in  the  same  oxidation  state,  S(IV)  or  S(VI).  This  is 
characteristic  for  CIF  since  other  oxidizing  agents  are 
capable  of  forming  molecules  containing  sulfur  in  two 
different  oxidation  states.  In  particular,  m- 
chloroperbenzoic  acid  has  exhibited  selectivity  in  its 
oxidizing  action.® 


CFjSCHjSCFj  + 2 CIC*H4COjH ► 


For  the  R,SC1  and  R(SSRt  cases  there  were  observed 
varying  amounts  of  R<SFj  products  formed  by  the  dis- 
placement of  Cl  by  F in  R(SF4CI.  While  in  the  R,SRr-ClF 
reaction  the  intermediate  S(IV)  products  could  be  iso- 
lated, R,SK  and  CIF  were  found  to  give  hexavalent  sulfur 
only,  even  at  low  temperaurc  and  with  less  than 
stoichiometric  amounts  of  CIF.  Thus  the  presence  of  the 


CFjSCH^OJCFj  (99%) 

CFjSCHjSCFj  + excess  I CF>SCH2S(0)CFj  (80%) 

+ CFjSCH2SOjCFj  (20% ) 

Of  the  available  sulfur  atoms  only  one  reacts  giving  a 
sulfoxide  or  a sulfone.  This  reagent  does  not  oxidize 
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bis-perfluoroalkyl  sulfides.  Sulfoxides  are  susceptible  to 
oxidative  fluorination  and  several  examples  have  been 
reported."" 

O O 

5 ■ M 

FjC  CF.  _ F.C  CF. 

| | f C1F  — * | | (94%) 

F.C CF.  FjC CF. 


f C1F  - 


F.C CF2 


O 

r,sr;  + cif  — 

R,  - CF,-.  C,F, 


vy 

R,!>F.R;  (75-82%) 


R;  = CF,-.  CjFj- 


Obviously,  the  fluorination  of  the  sulfoxides  is  a very 
facile  process  as  reflected  by  the  low  temperature  condi- 
tions employed  and  the  high  yields  realized.  In  fact, 
higher  temperatures  lead  to  C-S  bond  breaking.  It 
appears  that  doubly  bonded  oxygen  on  sulfur  compared 
to  two  fluorines  enhances  appreciably  the  oxidation  from 
S(IV)  to  S(V!)  by  providing  increased  electron  density  at 
the  sulfur.  This  parallels  the  results  for  electron  donating 
alkyl  substituents  on  sulfur." 

■the  identification  and  characterization  of  the  various 
sulfur  (II),  (IV),  and  (VI)  fluorides  and  oxyfluorides  is 
generally  quite  precise.  This  is  due  to  the  'T-NMR 
chemical  shifts  characteristic  for  the  various  species 
containing  sulfur  in  different  oxidation  states.  The  appli- 
cation of  this  important  tool  to  these  systems  has  been 
summarized  by  Shreevc."  A final  instance  of  oxidative 
fluorination  of  fluorocarbons  via  CIF  has  been  described 
for  chloro(hexafluoroisopropylidenimino)suifur(II)  and 
bis(hexafluoroisopropylidcnimino)disulfide.” 

(CFj)jC=NSCI  + CIF  v. 

(CFJbCFN-SF, 

l(CF,)2C=NS|.  + CIF 

In  each  case  sulfui  (II)  is  oxidized  to  sulfur  (IV)  fluoride 
by  what  is  effectively  a 1,3  addition  of  fluorine  accom- 
panied by  a double  bond  shift  and  the  cleavage  of  either 
an  S-Cl  or  S-S  linkage.  Many  other  fluorinating  agents 
(e.g.  NF,0,  AgF.,  CsF,  but  not  KF)  also  gave  the  same 
fluorination  product  from  the  corresponding  sulfcnyi 
chloride.  Once  more,  electron  donating  groups  bonded 
to  sulfur  are  seen  to  promote  oxidative  fluorination. 

Chlorfiuorination 

Addition.  Saturation  of  multiple  bonds  by  the  addition 
of  CIF  represents  the  most  common  usage  of  CIF.  Usable 
multiple  bond  systems  include:  C«C,  C*0,  C*S,  S=*N, 
C«N,  and  CsN.  Some  of  these  reactions  require  catalysis 
but  most  do  not.  Normally  a directed  polar  addition 
occurs  in  high  yield  but  exceptions  to  this  rule  are  also 
known.  In  this  section  we  will  be  concerned  only  with 
simple  additions.  Systems  that  also  undergo  fluorination 
or  extensive  bond  cleavage  will  be  discussed  separately. 
The  use  of  solvents  and  cooling  permits  good  conversion 
of  ethylene  derivatives  to  the  corresponding  CIF  adducts 
without  attack  on  hydrogen.’ 

C1CH-CH,  -- C1FCHCH.CI  (72%) 


Markovnikov  addition  was  observed  in  each  case.  With 
butadiene  a variety  of  chlorine  fluoride  additions  ensued’ 
attributed  to  a 1 , 2-Markovnikov  addition  as  a first  step 
followed  by  an  only  partially  directed  second  addition. 

CHj=CHCH=CH2-^-»  CICHjCHFCH=CHj-^» 

CICH.CHFCHCICH.F  (69%)  + 

CICHjCHFCHFCHjCI  (31%) 

The  intermediate  is  an  allylic  type  olefin  and  reactions  of 
other  ally  I substrates  were  shown  also  to  give  mixed 
Markovnikov  and  anti-Markovnikov  CIF  addition  pro- 
ducts. Calculated  electronegativity  values  for  R in  the 
RCH=CH.  compounds  were  used  by  Gambaretto  and 
Napoli  to  explain  the  various  observed  proportions  of  the 
different  adducts.  Boguslovskaya,  et  al."  also  carried  out 
a study  of  CIF  additions  to  R-allyl  type  compounds, 
correlating  the  nature  of  R-  with  the  direction  of  addi- 
tion. In  all  cases  mixed  adducts  were  found  but  in  varying 
amounts.  Moldavskii  et  al.,w  as  part  of  a study  on 
perfluoropropene  reactivity,  showed  that  CIF  forms  ex- 
clusively i'-C,F,CI,  the  Markovnikov  predicted  product, 
in  greater  than  90%  yield.  Thus  with  'he  exception  of 
allylic  precursors,  the  reported  CIF  additions  are  over- 
whelmingly directed  electrophilic  additions. 

Carbonyl  groups  are  not  affected  by  CIF  alone.  How- 
ever, in  the  presence  of  Lewis  bases,  such  as  CsF,  they 
are  attacked  readily  to  generate  fluorocarbon  hypochlo- 
rites. 


CO  + CIF 


F-COCI 


( K M OK  I 
<KH-CH,  - 


► CIFCHOKT,  (75%) 
4>FCHCH,CI  (80%) 


This  mode  of  addition  was  discovered  at  nearly  the  same 
time  by  three  groups.1*'*-*1  The  French  workers'  efforts" 
were  limited  to  CF,OCI  which  was  first  found  by  them  as 
a secondary  product  in  the  reaction  of  COF,  and  CIF,  on 
alumina.  Compounds  prepared  by  the  base  catalysis1*"4' 
were:  CF,OCI,  C.F,OCI,  i-C,FrOCI,  ClCFJCF(CF,)OCl, 
and  CIO(CFj)jOCl.  The  intermediacy  of  R,CT  species  is 
established  in  these  systems  and  is  wholly  analogous  to 
the  preceding  discovery"  of  base  catalyzed  fluorination 
of  carbonyls  to  give  R(OF  products.  'Hie  induced  polarity 
of  the  C=0  bond  together  with  the  fixed  dipole  of  CIF 
allows  oniy  a directed  addition  to  give  FC-OC1.  In  fact, 
the  same  net  addition  was  also  reported  by  Fox  and 
coworkers44  when  strong  Lewis  acids,  such  as  HF,  BF,,  or 
AsF,,  were  present.  It  was  postulated  that  acid  catalysis 
promoted  hypochlorite  formation  through  interaction  of 
the  acid  with  CIF  thereby  increasing  the  CIF  polarity  and 
reactivity  toward  carbonyl  groups.  However,  polariza- 
tion of  the  carbonyl  bond  according  to  ,4C-0*1~*  AsF, 
cannot  be  ruled  out  as  an  alternative  explanation.  The 
interesting  chemistry  of  these  hypochlorites  will  be  dis- 
cussed later. 

Thiocarbony!  groups  would  appear  to  be  ideal  candi- 
dates for  additions  of  CIF.  However,  only  one  report  of 
such  interaction  has  appeared,"  the  reported  reactions 
being: 

FCN=OS  + CIF ► ClSCFjN»C*S 


FCSCF,  <-  CIF  -*  (TSCT'jSCF, 

I . 

CFjSCSCF,  + CIF  — <•  CICF(SCF,), 
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Catalysts  were  not  required  to  convert  the  thiocarbonyi 
to  a sulfenyl  chloride.  Also,  sulfide  links  and  other 
unsaturation  in  the  starting  materials  were  unaffected  by 
the  CIF.  Polar  additions  of  OF  to  S(VI^=N  bonds  have 
been  studied  by  Yu  and  Shreeve.4* 

CFiSF,=NCF,  + CIF  - CF,SF,NC1CF, 

Cesium  fluoride  may  be  used  to  promote  this  addition, 
but  is  not  essential.  When  the  double  bond  involves 
tetravalent  sulfur  and  nitrogen,  CIF  causes  cleavage  (see 
below).  Numerous  compounds  containing  C=N  linkages 
have  been  investigated  with  respect  to  CIF  additions. 
Without  exception,  these  additions  are  polar  and  result 
in  saturation  of  the  C=N  bond  without  its  rupture.  For 
example,  fluorinated  isocyanates  react  as  shown:4’ 

R,N=C=0  + CIF  — R.NCICFO  (60-90% ) 

R,  = CF,-.  CFjCO-,  FCO-,  Ci- 

These  products  are  generated  at  room  temperature  or 
below  and  have  typical  chloramine  reactivity,  i.e.  with 
HCI,  chlorine  is  eliminated  and  the  amine  formed.  Other 
positive  chlorine  species,  such  as  0,0  and  CF,OCl,  are 
uiircactive  toward  the  isocyanates. 

Fluorocarbon  imincs  have  been  extensively  studied  by 
Shreeve  and  coworkers.  Acylimines,4*  haloimines,4*  and 
alkylimines*  41  all  add  CIF  without  C-N  bond  cleavage. 

O O 

II  „•  II 

R,CN=C(CFj)j  + CIF ♦ R,CNCICF(CF3)j  (75-99%) 

R,  = CF,-,  CjFc- 

XN=CR'R  + CIF * XNCICFR'R  (60-80%) 

R » CF,-,  Cl,  F R'  = CF,-.  Cl,  F X = Cl,  F,  -NCRR' 

The  directed  polar  additions  found  do  not  usually  require 
the  presence  of  a catalyst,  such  as  CsF,  to  take 
place  unless  the  imino  carbon  is  peralkylated.  Then  a 
catalyst  may  be  necessary.  If  the  product  chloroamine 
also  has  a chlorine  bound  to  the  adjacent  carbon  it  can  be 
dochlorinatcd  readily  to  give  a new  iminc. 

CICF=NF  CICFjNFCI 

CF^NF  -^*  CF,NFCI  -/—  -Cl, 
Typical  alkylimine  systems  are  shown  in  the  equation. 

RN=CR'R"  + CIF • RNCICFR'R"  (70-95%) 

R * CF,-.  (CF,),CF-  R'  = CF,-,  F-  R" 

- CF,- 

An  example4*  of  an  imine  which  even  under  stringent 
conditions  does  not  react  without  a catalyst  with  CIF  is 
illustrated. 

CFvSF.NCFCF,  + CIF 

CF,SF4NOCF,CF,  (100%) 

It  is  also  noteworthy  that  the  SF4-N  bond  is  retained 
under  these  conditions  while  certain  SF„-C  or  SF4-Ci 
substrates"  are  subject  to  significant  fluorinative  cleav- 
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age  under  milder  conditions.  Previously,  the  simultane- 
ous ffuorination  and  clorofluorination  of  cyanuric 
chloride  with  CIF"  had  been  described.  More  recently,  it 
has  been  demonstrated”  that  cyanuric  fluoride  is  an 
excellent  precursor  to  the  same  chlorofluorination  pro- 
duct. 

(FCN),  + 3 CIF ► (FjCNCI),  (90% ) 

Quite  unexpectedly  this  triazacyclohexane  was  found  to 
serve  as  a mild  fluorinating  agent  in  several  cases,  being 
reduced  to  (FCN),  and  Cl,.  It  is  very  rare  that  C-F  bonds 
function  as  active  fluorine  sources.  In  addition  to  the 
many  C>N  additions  cited  above  it  is  also  well  estab- 
lished that  nitriles  can  add  CIF.” 

R,CN  + 2CIF ► R,CF,NC1,  (65-76%) 

R,  =»  CF,-,  C,F,-,  CICF^,  -CF,- 

These  additions  were  carried  out  in  the  temperature 
range  of  0 to  -78“C  and  no  mono  CIF  adduct  could  be 
detected,  even  when  less  than  a stoichiometric  amount  of 
CIF  was  used.  This  is  caused  by  the  fact  that  this 
intermediate  iminc,  -CF=NCI,  is  more  reactive  toward 
CIF  than  the  nitrile  itself.  Cyanogen  chloride  behaves 
similarly,  but  the  chloroamine  spontaneously  dechlori- 
nates.” 

CIN  -^*  C1CF,NCI,  ■■  —■-—■>  Cl,  + CFr=NCI 

In  contrast  to  this  is  the  thermolysis”  of  the  R.NCl, 
compounds  which  require  a higher  temperature,  200*C, 
and  results  in  of  formation  fo  the  azo  compounds 
R.N-NR,. 

Addition  and  fluorination.  In  the  addition  reactions  of 
CIF  occasionally  fluorination  was  also  observed  and 
could  not  be  precluded.  These  limited  cases  generally 
involve  imino-type  unsaturation.’1 

^ - CF,CC1,N=C(CF,), 

+ CIF-—*  CF,CF,NC1CF(CF,), 

This  product  is  the  result  of  a series  of  CIF  additions  and 
Cl,  eliminations  promoted  by  CsF.  One  of  the  corres- 
ponding intermediates  has  been  isolated  for  the  related 

imine. 

CF,CCI=NCF(CF,),  CF,CF=NCF(CF,), 

MO# 

CF,CC1=NCF(CF,),  -^-*  CF,CF,N CICF(CF,), 

Thus  the  ability  to  lose  Cl,  from  >CCi-NCI-  groups 
plays  a dominant  role  in  these  cases.  Less  easily  ex- 
plained is  the  following  azine-CIF  reaction.4* 

(CF.,),C=N-N=C(CF,),  £*  (CF,),CFN«NCCI(CF,), 

(CF,),C«:N-N»C(CFj)5  (CF,),CFN»NCCKCF,), 

+ (CF,),CFN*NCF(CFj)j 

Without  CsF,  a 1,4-chlorine  fluoride  addition  occurs 
whereas  with  CsF  a displacement  of  Cl  by  F is  also 
encountered.  The  yield  of  the  latter  reaction  varied  but 
could  not  be  completely  supressed.  Further- 
more, CsF  and  CIF  could  not  be  made  to  give  the 
fluorinated  products  using  the  1 , 4-CIF  adduct  as  a start- 
ing material. 
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Cleavage  of  bonds.  While  the  preceding  C1F  addition 
m hemes  involved  little  or  no  bond  breaking,  there  are 
numerous  systems  in  which  bond  cleavage  is  the  main 
result  of  the  action  of  CIF.  For  example,  treatment  of 
KSCN  at  -30°C  gives  a variety  of  products,  but  none  of 
these  retains  an  S-C  bond.” 

KSCN  + CIF— * SF,C1,  CF,NC1„  SF».  CF,N=NCF1 

In  like  manner,  sulfinyl  amines  do  not  generate  any  N-S 
derivatives.”'  ” 

RN=S=0  * CIF-  RNC1,  + SOF, 

R = CF,-.  FSOr- 

VVhen  C1NSO  is  subjected  to  CIF,  nitrogen  trichloride  is 
.1  likely  intermediate,  although  it  was  not  isolated.” 

CINSO-^—  NO,+  SGF, — ► 1.5  Cl, + 0.5  N, 

It  was  always  observed  that  S(IV)-N  bonds  did  not 
survive  the  action  of  ('IF.  This  also  appears  to  hold  true 
for  intinosulfur  difluorides. 54 

R,N=Sh  t CIF  - R.NCI,  + SF, 

R,  -=  FCO-,  CF.CO-,  CF,-,  i-CdV,  F,SNCF,CF,- 

Htforts  failed  to  isolate  a mono  adduct  retaining  the  N-S 
linkage. 

In  the  discussion  of  sulfide-CIF  reactions,  the  impor- 
tant bond  cleavage  reactions  of  R,SSR(  and  R,SR,  have 
been  mentioned.  Sultinyl  esters  show  at  least  two  differ- 
ent bond  breaking  paths:” 


(CF,),CHOSCF,  * CIF  — (CF,),CHOSF  + CF,C1 
and 

? ? 

(CF,),C(CHj)OSCF , f CIF  — (CF,),C(CH,)OCI  + CF.SF 

Because  this  particular  process  was  not  studied  in  much 
detail,  it  is  not  possible  to  define  the  conditions  favoring 
either  an  S-O  bond  breakage  to  furnish  an  hypochlorite 
or  an  S-C  bond  fission  to  produce  a sulfinyl  fluoride.  A 
synthetically  useful  C -O  cleavage  reaction  brought  about 
by  CIF  was  reported  for  fluorocarbonyl  trifluormethyl 
peroxide.” 

O 

11  o* 

CF,OOCF  + CIF  -j-  COF,  + CF.OOCI  (88% ) 

This  procedure  simplifies  the  synthesis  of  CF,OOCI  by 
elimins  ion  of  the  previously  required  intermediate  step 
of  hyd>  oNzing  CF.OOCFO  to  CF,OOH. 

Summary.  It  is  evident  from  the  above  discussion  that 
CIF  has  recently  been  successfully  exploited  in  a variety 
of  fluorocarbon  reactions.  The  high  reactivity  of  C IF 
under  a wide  range  of  conditions  generally  results  in 
good  to  excellent  yields  of  specific  products.  Quite  often 
th<-se  are  unattainable  by  other  means.  It  is  likely  that 
similar  judicious  applications  of  CIF  to  o,her  yet  unexp- 
Imcd  cases  will  provide  interesting  and  useful  results. 

it,ocvsr<oci 

The  close  relationship  between  the  fluorocarbon 
hypochlorites  and  pentafluorosulfur  hypochlorite  per- 
mits a joint  discussion  of  thei,  chemistry. 


Syntheses  and  Properties 

The  earliest  reported  syntheses  of  R,OCl  were  base 
catalyzed  CIF  additions  to  carbonyl  functions.”41  Al- 
though not  widely  tested,  0,0  was  also  used  as  a positive 
chlorine  source  to  prepare  the  trifluoromethyl  deriva- 
tive.4' 

COF,  + C1,0  - jU  CFjOCl  + [CsOCl) 

The  base  catalyzed  chlorofiuorination  process  was  also 
applied  to  thionyl  tetrafluoride.41  ” 

SOF«  + ClF-^*SF1OCl 

This  is  directly  related  to  Ruff  and  Lustig's  fluorination 
procedure4*  for  the  synthesis  of  SFjOF.  Soon  after  the 
original  reports,  acid  catalysis  was  shown  to  be  effective 
in  this  hypochlorite  formation.44  Subsequently,  the  reac- 
tion of  CIF  and  certain  alcohols  opened  yet  another  route 
to  fluorocarbon  hypochlorites."  All  of  these  R,OCI 
syntheses  have  been  described  in  the  preceding  CIF 
reactions  sections.  Fluorocarbon  hypochlorites  and 
SF,OCI  are  colorless  liquids  and  gases.  Volatility  is 
related  to  molecular  weight  and  is  consistent  with  typical 
covalent  fluorocarbons.  For  example,  CF,OCl  has  a bp  of 
-46“C  and  SF,OCl  has  a bp  of  9“C.  The  thermal  stability 
of  the  simpler  compounds  decreases  rapidly  from  that  of 
CF,OCl  in  the  following  order:  CF,OCI  »>  C,F,OCI  > 
i -CJFtOCI  — SF5OCI.  When  an  a fluorine  is  not  present 
as  in  the  ROH  derived  hypochlorites,"  (CF,),COCl, 
CH,C(CF,),OCI,  (CFjJjCHOCl,  etc.;  then  they  are  re- 
ported to  be  stable  to  at  least  80*C.  The  hypochlorites  are 
all  susceptible  to  hydrolysis  which  is  one  of  the  major 
problems  in  utilizing  them. 

Reactions 

General.  The  R,OCI  and  SFjOCI  chemistry  encom- 
passes both  radical  and  polar  reactions.  As  part  of  the 
characterization  of  these  compounds,  the  influence  of 
UV  photolysis  was  examined. 

2 CFjOCl  CFjOOCF,  + Cl, 

2 SF5OCI  -X  SFjOOSF,  + Cl, 

The  high  yields  (90%)”"  of  these  peroxide  forming 
processes  render  them  useful  for  preparing  these  com- 
pounds. For  CF,OC!  the  photolysis  has  been  studied 
under  matrix  conditions.43  Longer  chain  R(OCI  with  a 
fluorines  give  only  degradation  products  attributed  to 
rapid  decomposition  of  the  R,CF,0  radicals.  When  the 
alkoxy  radicals  are  stabilized  by  some  special  structural 
feature,  then  again  peroxides  can  be  obtained  via  photo- 
lysis." 

CH,C(CF,),OCI  CH,C(CF,),OOC(CF,),CH,  (90%) 

(CF,),COCI  (CF,)jCOOC(CF,)j  (30%) 

Other  radical  combinations  are  also  known,”"  e.g.  with 
NF,  to  produce  CF,ONF,  and  SF,ONF,.  A reaction 
directly  associated  with  the  positive  chlorine  nature  of 
the  hypochlorites  is  the  increased  tendency  to  combine 
with  negative  chlorine.  Seppelt  has  exploited  this  prop- 
erty as  illustrated.”" 
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CF.OCI  + HC1  CFiOH  + Ci2 

•o** 

SF.OCl  + HC1  SF.OH  + Cl2 

Trifluoromethyl  alcohol  is  ihe  first  example  of  an  isolated 
primary  perfluoroalcohol.  These  have  always  been  consi- 
dered as  nonexistent  owing  to  their  ready  loss  of  HF.  Tire 
thermal  stability  of  CF,OH  is  greater  than  that  of  SFjOH 
(dec  at  -20°  vs.  -60°C)  even  though  the  former’s  decom- 
position is  thermodynamically  more  favored.  This  has 
been  explained  in  terms  of  the  longer  intramolecular  H 
-F  distances  in  CFjOH  compared  to  that  in  SFjOH. 

Oxidation,  Spontaneous  insertion  of  carbon  monoxide 
into  the  OC1  bond  of  these  hypochlorites  occurs  in  a near 
quantitative  manner, “ This  is  formally  an  oxidation  of 
the  carbon. 

O 

II 

R.OCI  + CO * R.OCCI 

R,  = CF,-.  CjFj-.  i-CJV,  SF„  (CF,),C-,  (CF^CH-.  etc. 

Hypofluorites  undergo  this  reaction  only  with  activation, 
while  the  best  known  alkyl  hypochlorite,  (CHj),COCI, 
does  not  react  with  CO  to  K0°C.  Fluorocarbon  hypochlo- 
rites add  directly  to  S02  at  room  temperature  or 
below."'**  Excellent  yields  of  the  corresponding 
chlorosulfate  are  obtained  by  inserting  the  sulfur  of  the 
SOi  molecule  into  the  OCI  bond. 

R,OCI  + SO. ♦ r,oso2ci 

R,  = CF,-,  i-CdV,  (CF,),C-,  (CF,)jCH-,  CHjC(CFj)j-, 
CF.CHr- 

This  represents  a formal  oxidation  of  S(IV)  to  S(V!). 
Under  the  influence  of  UV  light  CF,OCI  has  been  found 
to  oxidize  bis(trifluoromethyl)sulfide  and  tetrafluoro-1, 3- 
dithictane.*7 

CF,SCF,  + CF.OC1  (CFJ>JS(OCFJ)J 

Xk 

s S(OCFi)j 

FjC^  N:F2  + CF,OCI * FjC  ^ N:F2 

^(OCF,), 

However,  the  duration  of  the  described  experiment 
seems  incompatible  with  CF,OCi  being  the  active  agent 
in  this  oxidation  of  S(U)  to  S(IV).  Thus,  CFjOCI  under 
UV  irradiation  decomposes  rapidly  to  CF,OOCF,  and 
Clj.  Therefore,  unless  the  oxidation  of  S(II)  to  S(IV) 
occurs  quickly  it  would  appear  that  CF,OOCF2  alone,  or 
assisted  by  Cl2,  must  be  (he  oxidizing  agent. 

Addition.  The  addition  of  RfOCl  to  olefins  has  been 
investigated  by  several  groups."'**'**  Rapid  reaction  was 
generally  noted. 

R.OCI  + )c=C\  R,OCMj:CI 

Ri  = CF,-  Olefin  » CFr^CFj,  CHjCH,,  CF»=CFCI, 

ch/r:hci,  cf^ch,,  cf.cf=cf„  cf2och=ch2, 

CFC1=CFCI 

R,  = i-C,Fr-  Olefin  ==  CF>CF, 

R( « (CF))iC-  Olefin  = CF^CF,,  CHj-CH, 

R,  = SF,-  Olefin  - CF^CF,,  CH,-CH3 

Except  for  CFj-CFCI,  CF,CFCF2.  and  CF.OCH-CH, 
one  product  only  was  formed  in  these  directed  additions. 


That  product  was  the  one  predicted  on  the  basis  of  the 
chlorine  from  RiOCI  adding  to  the  most  electronegative 
carbon  of  the  C=»C  bond.  Where  total  direction  was  not 
possible  the  ratio  of  isomers  obtained  (if  reported)  was: 

6 CFjOCFCICFjCl : 5 CF2OCF2CFCI2 
and 

7 CFjOCFjCFCICF, : 3 CICF2CF(OCF2)CF, 

If  the  addition  was  allowed  to  proceed  without  modera- 
tion, some  evidence  for  dimers  and  oils  was  noted,**  thus 
indicating  that  R(OCI  is  capable  of  inducing  radical  chain 
processes.  The  high  yields  (90%)  and  fac;le,  yet  control- 
lable reactions  experienced  with  these  systems  arc  con- 
trary to  those  found  for  similar  CFjOF70  and  SFjOF71 
additions  which  are  extremely  difficult  to  control.  As 
would  be  expected  the  fluorocarbon  ether  products, 
especially  the  perhalofluorinated  ones  have  outstanding 
thermal  stability."  Additional  1:1  adducts  of  olefins  and 
both  CFjOCI  and  SF,OCI  have  been  made  and  a com- 
parison of  their  properties  is  being  conducted.”  Because 
of  their  desirable  properties,  these  adducts  should  be  a 
fertile  area  for  investigation.  Of  all  the  olefins  ex- 
amined,** only  CF,CF=CFCF,  failed  to  react  along  with 
the  butyne,  CFjCsCCF,.  One  additional  report  on  the 
addition  of  CF,OCI  to  a double  bond  has  appeared.” 

C2F,N=CF2  + CF,OCI  -*  [CjFjNCICFjOCFj]  -+ 

C3F,NCICF,+  COF2 

Decomposition  of  the  adduct  is  surprising.  By  way  of 
comparison,  CF,OF  participates  in  this  reaction  only  at 
250°C  and  then  only  to  form  the  fluorinated  product, 
CFjNFCFj. 

CFjOOCI/SFiOOCI 
Syntheses  and  Properties 

Chloroperoxytrifluoromethane  has  been  prepared  by 
two  methods. 

_ n 1*0 

CFjOOH  + CIF ► HF  + CF.OOCI  (95%) 

O 

II  « 

CFjOOCF  + CIF  COF2  + CFjOOCl  (88%) 

The  former  method1'  was  used  for  the  original  synthesis 
of  the  compound  and  gives  a purer  product.  The  second 
route”  pesumably  proceeds  via  formation  of  CFjOOC- 
F2OCI  which  decomposes  eliminating  COF2  to  furnish 
CF,OOCI.  Some  dispute  as  to  the  stability  of  this  pale 
yellow  liquid  (bp  -20°)  has  arisen.  While  Ratcliflc,  et  al.” 
claimed  that  the  compound  was  stable  for  prolonged 
periods  at  25°CV  Walker  and  DesMartetu  reported  only  a 
few  hours  half  life  at  that  temperature.”  Recently,  the 
molecular  structures  of  CFjOOCl  and  the  related 
CFjOOH  and  CFjOOF  have  been  determined  using  gas 
phase  electron  diffraction.7*  For  the  chloro  compound, 
stcric  CFr-CI  interactions  occur  giving  rise  to  two  distinct 
conformers.  The  synthesis  of  SF,OOCI  was  accom- 
plished” by  reactions  analogous  to  those  cited  above  for 
CFjOOCl.  The  starting  materials  have  been  reported; 
SFjOOH7*  and  SFjQOCFO.77  Pentafluorosulfur  peroxy- 
pochlorite  was  obtained  in  70%  yield  from  the  hyd- 
roperoxide and  in  90%  yield  from  the  ft  uoroacy (perox- 
ide. It  is  a straw-yellow  liquid  with  an  extrapolated 
boiling  point  of  26.4°C  but  it  decomposes  rapidly  at  22*C. 
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Reaction* 

The  primary  reaction  mode  of  these  R,OOCI  com- 
utnds  is  the  rupture  of  the  terminal  hypochlorite  bond, 
doth  CF,OOCl”  and  SFjOOCl7*  add  readily  to  olefins 
he  low  0°C  to  form  peroxides. 

R,OOC)+  \>C^  — ►r.ocxWci 

R,  = CIV,  SFf-  Olefin  = C3H4,  C3F„  C3F,CI.  CF3CH3, 
CFjCCIa,  CFHCHC1,  cu-CFHCFH 

Yields  vary  and  are  usually  higher  for  the  CF, 
compound.  Normally,  where  isomers  are  possible,  only 
one  product  is  formed  in  agreement  with  a directed, 
electrophilic  addition.  Smaller  quantities  of  R(0  ethers 
are  also  obtained.  The  RtO  ether  products  arc  believed7* 
to  arise  from  reaction  of  R,OCl,  a decomposition  pro- 
duct of  RiOOCl,  with  the  olefins.  The  fluorocarbon 
peroxides  that  are  formed  are  colorless  liquids,  stable  at 
22°C.  Perfluoro-2-butvne  did  not  react  with  CFjOOCl 
and  neither  CFjOOCl  nor  SF,OOCI  reacted  with  per- 
il uoropropene  or  perfluorocyclopentenc.  Earlier,”  it  was 
shown  that,  unlike  R,OCI  type  materials,  the  R,OOC1 
moieties  do  not  insert  CO  or  SOa  into  the  O-CI  bond. 
Pcroxyesters  can  be  prepared  from  SF,OOC?  (and 
SI  ,OOH)  via  acyl  halide  reactions”  as  shown  by  the 
following  example: 

O O 

II  -«•  II 

SFjOOCl  + CHiCCI ► Cl,  + SF,OOCCHj  (90%) 

This  peroxyester  is  an  ambient  temperature  stable  com- 
pound, as  are  others  prepared  from  SF,OQH.  Clearly, 
these  chloroperoxides  behave  as  positive  chlorine  species 
and  are  useful  for  the  synthesis  of  many  new  peroxy 
derivatives. 

CHLORINE  FLUOROSULFATE 

Synthesis  and  Properties 

Chlorine  fluorosulfate  was  first  prepared7*  by  Gil- 
breath and  Cady  according  to: 

Cl3  + SjOJr>  2 CIOSOjF  (100%) 

More  recently,  a more  convenient  procedure  was 
developed*0'*1  using  the  readily  available  SOj  as  a starting 
material. 

CIF  + SO, * CIOSO,F  (98% ) 

Chlorine  fluorosulfate  is  a pale  yellow  liquid  (bp  43°C) 
which  on  standing  or  handling  becomes  red  presumably 
due  to  the  formation  of  some  CIOjSOjF.  It  is  stable  at 
room  tcmperatuie  and  has  been  stored  in  stainless  steel 
for  more  than  a year  without  significant  decomposition. 
Nonetheless,  it  is  an  extremely  reactive  material  with  a 
host  of  substrates. 

Reactions 

Addition.  At  the  time  of  its  discovery,  C10S03F  (or 
CISOjF)  was  shown  to  add  to  olefinic  double  bonds,  i.e. 
Cl'VCFj.”  Since  then,  these  and  similar  reactions  of 
CISOjF  have  been  studied  by  Moldavskii5*  and  mainly  by 
Fokin  and  coworkers. “•*’  , j 

CISOjF  + * CIC-COSOjF 

Olefins  -CjFj,  CFC1CFCI,  C.FjCl,  CvF*  (CF^C-CF,, 
C3CU 


Except  for  C3FjC1  where  two  isomers  were  noted,  only 
one  product  was  obtained  following  Markovnikov's  rule. 
The  order  of  reactivity  with  CISOjF  was:  C3F4< 
CFCICFCI  - CFj-CFCI  < CF,CF=CF3  < (CFj)jC=CF3. 
Although  this  order  of  reactivity  is  similar  to  that  ob- 
served for  nucleophilic  reagents,  it  was  speculated**  that 
the  high  electrophilicity  of  CISOjF  and  the  formation  of 
isomers  with  C3F,CI  are  in  keeping  with  an  electrophilic 
mechanism.  Numerous  other  double  bonds  are  also 
attacked  by  CISOjF.  For  example  imines  react  at  low 
temperature.75,  ** 

C3F,N=CF:  + CISOjF  — ^ C3FjNC1CF3OSOjF 

FN=C(NF3)3  + CISOjF-^  FNCIC(NF3)j0S03F 

In  contrast  HSOjF  must  be  heated  to  react  with 
C3FjN=CF2  and  S30*F3  does  not  react  at  all.”  These 
N-chloro  compounds  are  stable  at  ambient  temperature 
and  are  the  only  products,  as  expected  for  a directed 
polar  addition. 

Fluorinated  isocyanates  add  CISOjF  according  to:*7 

O ° 

II  «rc  II 

R,N=C=0  + CISO,F  — ► R, NCICOSOjF  R.NC1CF 

R,  = CF,-,  F- 

Chlorine  monofluoride  adducts  were  similarly  prepared47 
but  other  positive  chlorine  containing  molecules,  such  as 
CIjO,  CFjOCI,  C1NCO,  and  CINSF3,  did  not  react.  For 
C1NSO,  the  CISOjF  additions5*  were  also  analogous  to 
those  of  CIF. 

2 CIN=*S=0  + 4 CISOjF  — » 3 Cl3  + N3  + 2 SO(OSOjF)j 

Only  2:1  addition  was  possible,  and  the  intermediate 
NClj  decomposed  to  the  elements.  Most  unusual  is  the 
ease  with  which  CISOjF  adds  to  hexafluorobenzene 
below  20°C  to  give  1:1,  2:1,  and  3:1  adducts  depending 
on  the  stoichiometry  employed."5 

CjF.  + CISOjF  — * CjF.CKOSOjF)  + CjF.CIj(0S03F)3 

+ C*F*CIj(OS03F)j 

Peroxydisulfuryl  difluoride  behaves  similarly.  Both  com- 
pounds give  a para -adduct  in  the  1:1  addition,  as  demon- 
strated by  hydrolysis  to  4-chloropentafluoro-2,  5-cyclo- 
hexadiene-one  and  fluoranil,  respectively.  These  ben- 
zene adducts  have  good  thermal  stability  and  are  high 
boiling  liquids.  Further  details  on  their  properties  are 
lacking.  The  triple  bond  of  nitrile  groups  also  adds 
CISOjF  in  a 1:1  manner.*5 

FC(N03)jCN  + CISO.F-*  FC(N03)3C(0S03F>-NC1 

If  a cyano  salt  is  involved,  both  chlorination  and  addition 
occur. 

MC(N03)jCN  + 2 C1SO.F-*  MSQ.F  -f 

ClCfNOjJjQOSOjF^NCl 

It  should  be  remembered  that  -C=N  and  CIF  reacted 
only  in  a 1:2  stoichiometry.55 

Substitution.  Fokin  and  coworkers  investigated  the 
replacement  of  chlorine  and  iodine  by  fluorosulfate  in 
selected  fluorocarbon  halides  using  CISOjF.*7 

CFCUCFClj  + CISOjF-^  CFCljCFCiOSOjF 
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CFiCICFClj  + CISOjF ♦ CFjCiCFCIOSOjF  (84%) 

2 CFjClj  + 3 CISOjF  CF-CI(OSOaF)  (37% ) + 

CFj(OSOjF);  (29%) 

CF,I  + CISOjF  CFjOSOjF  (83% ) 

Catalysis  by  HSOjF  was  found  to  be  necessary  for  these 
reactions  to  proceed.  In  general,  facile  stepwise  substitu- 
tion of  chlorine  in  -CFCi;  groups  was  observed.  How- 
ever, the  method  seemed  restricted  inasmuch  as 
CF.CFCICFjCI  was  reported  to  be  unreactive  up  to 
100*0.  Nevertheless  in  our  experience"  the  Cl  in  -CFaCI 
groups  can  be  replaced  as  shown  by: 

ClCFaCFaCI  + CISQjF  CICFaCFaOSOaF  (90%) 

The  terminal  Cl  in  CF,CFCICFaCl  has  also  been  replaced 
by  -SO,F  using  CISOjF  and  a small  amount  of  Bra  as  a 
catalyst."  Bromo  compounds,  as  expected,  react  more 
readily  and  some  typical  examples  are: 

C3FiBr  + CISOJF  CaF,OSOaF  (96% ) 

BrCFjCFjCFjBr  + CISO.F  CF^CFjOSOjF),  (50% ) 

In  none  of  these  cases  was  the  presence  of  HSOjF 
necessary  to  attain  the  desired  reaction.  Acid  salts  and 
acids  interact  with  CISOjF  in  an  expected  manner,  but 
the  isolation  of  the  unusual  CF,COjCI  intermediate  was 
surprising." 

CFjCOiH  + CISOjF— * CFjCOjCI— * CF.C1  + COa 

As  already  mentioned  above,  the  same  compound  has 
only  recently  been  reported  by  DesMarteau”  using  C1F 
as  the  source  of  positive  chlorine. 

CHLORINE  PERCHLORATE 
Synthesis  and  Properties 

Chlorine  perchlorate  is  easily  prepared  by  the  action  of 
CISOjF  on  certain  perchlorate  salts." 

MClOj  + CISOjF  MSOjF  + CIOCIO,  (90% ) 

M = Cs',NOa* 

Chlorine  monofluoride  lias  been  used  in  place  of  CISOjF 
but  yields  were  very  low  and  unreliable.  Chlorine  per- 
chlorate (ClOClOj  or  ClaO«)  is  a pale  yellow  liquid 
(extrapolated  bp  44.5*C)  with  only  limited  stability  at 
room  temperature.  It  and  nearly  ail  of  its  covalent 
derivatives  are  shock  sensitive.  Consequently,  they 
should  always  be  treated  with  the  respect  appropriate  for 
potential  explosives.  As  a member  of  the  class  of  com- 
pounds known  as  chlorine  oxides,  it  is  unusual  because  it 
is  the  only  one  containing  chlorine  in  two  different 
oxidation  states,  i.e.  (+  I)  and  ( + VII). 

Reactions 

When  examined  with  fluorocarbon  olefins,  reaction 
occurred  rapidly  at  low  temperature  in  a 1:1  mole  ratio 
providing  colorless  liquid  products."’*1 

ciao4  + — » ci6-6oao,  (90%) 

CjF4,  CaFjCI.  CFCICFQ,  CjF*  CFj-CFCF-CF, 


The  terminal  Cl-O  bond  of  ClOClOj  was  always  cleaved 
during  these  reactions.  The  mono-adduct  of  per- 
fluorobutadienc  decomposed  explosively  and  spontane- 
ously at  ambient  temperature.  All  the  other  compounds 
exhibit  good  to  excellent  (100SC)  thermal  stability.  Only 
one  isomer  was  noted  in  all  cases.  For  CjF*,  this  was  the 
Markovnikov  predicted  product,  CFjCFClCFaOClOj, 
while  for  CaFjCI  it  was  the  anti-Markovnikov  compound, 
ClCFaCFCl(OC10j).  This  is  unexplained  and  different 
from  CISOjF"  and  SFjOOCl”  which  gave  a mixture  of 
isomers,  and  from  CFjOOCIa  which  gave  only  the 
expected  C!aCFCFaOOCFj.  Aromatic  fluorocarbons  add 
Cl204  at  low  temperature,"  much  as  they  do  CISOjF'," 
confirming  the  close  relationship  of  these  two  hypochlo- 
rites. Some  minor  differences,  however,  appear  to  occur 
since  a 1:2,  but  not  a 1:3,  addition  product  is  formed. 

C*F»  + 2 Cla04— * CJ?,Cla(OC10j)a 

C*F,CI  + 2 Cla04— ► CJFjCIjIOCIOjJj 

Both  products  are  cyclohexenes  and,  based  on  NMR, 
only  one  isomer  is  obtained  in  each  case.  They  are 
colorless,  viscous  liquids.  With  CJFjBr  a more  complex 
reaction  was  observed  entailing  addition  and  ring  open- 
ing. The  exact  nature  of  the  product  has  not  been 
determined.  Various  fluorocarbon  halides  have  been 
found  to  react  with  Cla04  resulting  in  a displacement  of 
the  halide  by  a perchlorate  group.*1  In  saturated 
fluorocarbon  chlorides,  primary  and  secondary  chlorines 
in  either  mono  or  dichloro  groups  did  not  react.  Tri- 
chlorofluorjmcthane  did  react,  but  gave  COFCI  and 
ClaO,  as  primary  products.  Bromine  compounds  were 
more  susceptible  to  attack,  as  shown. 

BrCFaCFaBr  + Cla04-^  BrCFaCFaOC10j  (11%) 
CFjCFBrCFaBr  + ClaO.  CFjCFBrCFaOCIO,  (45%  ) 

(CFBrCFjBr),  + ClaO.  (CFBrCF.OCIO,),  (90% ) 

Geminal  bromines,  when  substituted,  led  to  decomposi- 
tion products.  If  the  bromine  is  on  carbon  adjacent  to  a 
perfluorogroup,  no  substitution  ensued.  Fluorocarbon 
iodides  reacted  vigorously  with  Cla04  as  shown. 

2 R4I  + 4CI204—(RI)aI*l(ao4)4-  — 

2R40CI0j  + 2[IC104) 

R,  = CFj-,  C3Fj-,  i -CjFt-,  ICFjCFj-,  CJV 

With  CjFtjl,  i-CjFjI,  and  OF,!  the  intermediate  salt  was 
isolated  and  characterized.*1  Thermal  decomposition  of 
the  heptane  salt  afforded  C7Fi,OC10,t  but  the  isopropyl 
and  the  aromatic  compounds  exploded  before  they  could 
give  the  simple  covalent  perchlorate.  These  conversions 
of  Ril  to  RiOCIOj  were  high  yield  processes.  The  only 
ether  known  route  to  fluorocarbon  perchlorates,  which 
does  not  involve  the  halogen  perchlorates,  is  the  reaction 
of  alcohols  and  alkoxides  with  Cla07,  wherein  the  pro- 
ducts normally  were  not  isolated." 

CHLORINE  NITRATE 
Synthesis  and  Properties 

Originally  chlorine  nitrate  was  prepared  from  either 
ClaO  or  C10a  with  NOa  or  NaOs."  To  avoid  the  use  of  the 
hazardous  chlorine  oxides,  the  following  alternate  syn- 
thesis was  developed." 
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C1F  + HNOj  — ► HF  + CINOi  (90% ) 

Commercial  anhydrous  nitric  acid  may  be  used.  The 
formed  CINO,  (ClONOj)  is  a pale  yellow  liquid  (bp  23°C) 
which  undergoes  slow  decomposition  at  ambient  temper- 
atures, but  which  may  be  stored  indefinitely  at  -40°C  or 
lower. 


Reactions 

Only  one  report  on  the  addition  of  CINO,  to  unsatu- 
rated fluorocarbons  has  appeared.* 

CINO,  + SC=CX,  . O 

y || 

[CIC-CXION01]-^*cit’CX  + XNO,(X  = F,  Cl) 

1 j «*nn  / 

The  vigorous  reaction  of  CINO.<  with  these  olefins  neces- 
sitated dilution  with  solvents.  When  two  halogens  were 
on  the  nitrate  carbon,  the  illustrated  low  temperature 
decomposition  occurred.  This  instability  has  discouraged 
further  work  on  fluorocarbon  nitrates. 

As  part  of  a study  on  halogen  nitrates,"  the  system 
CF.I-ClNOj  was  examined  with  the  following  results. 

CF.I  r 2 CINO,——-*  Cl,  + CFJfONO,),-^-* 

COFj,  CFjl.  N,0,,  etc. 

Thus,  as  with  Cl;0»,  an  intermediate  oxidized  iodo 
derivative  is  generated  first.  Unlike  the  perchlorate  case 
however,  this  docs  not  decompose  to  a stable  R,NO»,  but 
degrades  as  shown.  Naumann  and  coworkers  have 
studied  these  processes  more  carefully*  isolating  the 
CFvI(ONOi)2  intermediate  and  obtaining  still  another 
intermediate  which  they  did  not  isolate. 

CF,I  + CINO,  - CF,lCI(ONO,)  CF,l(ONO,), 

\ thorough,  controlled  decomposition  scheme  was 
worked  out  for  the  Jinitrato  moiety  above  -20°C  involv- 
ing intermediates,  such  as  CF.IO  and  CF.JOj.  The  over- 
ill  decomposition  equation  is: 

10  CF,I(NO,),—  5 CF,I  + 5 COF,  + 10  N,0<  + I,  + IF, 

+ 1,0, 

Raman  spectroscopic  characterization  of  CF,I(NO,)2, 
\F,l(NO,)j,  and  related  compounds  has  been  reported." 
Even  though  CINO,  has  been  available  for  a number  of 
vears,  it  has  noi  been  extensively  investigated  with 
>espcct  to  fluorocarbons.  This  might  be  explained  by  the 
ipparent  instability  of  the  products. 

SUMMARY 

Most  of  the  known  reaction  chemistry  of  electroposi- 
•ive  chlorine  compounds  can  be  rationalized  in  terms  of 
cither  addition  of  Cl-X  across  multiple  bonds  or  oxida- 
tive addition  to  atoms,  such  as  iodine  or  sulfur  in  their 
lower  oxidation  states.  The  observed  variety  of  the  final 
reaction  products  can  be  explained  by  a multitude  of 
secondary  reactions  which  can  involve  either  elimina- 
tions, further  additions,  or  degradations.  The  observed 
reactions  are  easily  moderated  and  controlled,  and  only 
rarely  was  no  reaction  encountered.  The  Cl“-X*'  polar- 
ity of  the  Cl-X  bond  in  these  compounds  was  demon- 
strated by  the  "directed"  nature  of  many  of  the  reac- 
tions. The  strong  electrophilic  character  of  these  com- 


pounds was  also  evident.  Because  of  the  great  reactivity 
of  these  compounds  and  the  limited  amount  of  work 
done  so  far  in  this  area,  there  are  many  opportunities  for 
future  fruitful  research. 
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Infrared  spectra  are  reported  for  i Brl803  in  the  gas  phase  and  for  FBrl602  in  Nc,  N2,  and  Ar  matrices  at  3.6  K.  Isotopic 
shifts  were  measured  for  7,BrJIBr  and  l<0-l,0  and  were  used  for  the  computation  of  a valence  force  field.  Thermodynamic 
properties  were  computed  for  FBr02  and  FCI02  in  the  range  0-2000  K. 


Introduction 

Bromyl  fluoride  was  first  synthesized  by  Schmeisser  and 
Pammer1,2  in  1955.  Because  of  its  low  thermal  stability  and 
high  reactivity,  this  compound  had  been  only  poorly  char- 
acterized and  was  not  further  studied  until  1975.  In  1975, 
Gillespie  and  Spckkcus  published3  the  Raman  spectra  of  solid 
and  liquid  FBr02  and  proposed  a monomeric  pyramidal 
structure,  similar  to  that4  of  FC102.  Using  Raman  frequencies 
reported3  for  liquid  FBr02,  Baran  calculated5  a modified 
valence  force  field  and  mean  amplitudes  of  vibration  for 
FB.'  .2,  assuming  all  bond  angles  to  be  108®.  Very  recently, 
Jacob  succeeded6  in  obtaining  good  gas-phase  infrared  spectra 
for  FBr02  in  spite  of  the  fact  that  gaseous  FBr02  possesses 
a half-life  of  only  30  min  at  1 5 ®C.  He  also  prepared  a sample 
of  FBr'*02  and  reported  preliminary  infrared  data  for  the  gas 
and  for  the  neat  and  the  argon  matrix  isolated  solid.  Although 
the  oxygen  isotopic  shifts  were  measured,  no  ^Br-^Br  isotopic 
shifts  were  given.24 

In  this  paper,  we  report  higher  resolution  spectra  and  oxygen 
and  bromine  isotopic  shifts  for  gaseous  and  for  Ne,  N,.  and 
Ar  matrix  isolated  FBr02.  In  view  of  the  interest3,5  in  the 
nature  of  bonding  in  FBr02,  a new  force  field  computation 

’To  whom  correspondence  should  be  addressed  at  Rockeldyne. 


appeared  warranted,  particularly  since  the  previously  used5 
frequencies  significantly  differ  from  those  of  gaseous  FBr02 
and  since  the  previously  assumed5  geometry  of  RBr02  was  only 
a crude  estimate.  Furthermore,  the  availability  of  both  oxygen 
and  bromine  isotopic  shifts  offered  a unique  opportunity  to 
test  the  value  of  such  additional  data  for  the  refinement  of 
force  fields  for  compounds,  such  as  bromine  oxyfiuorides. 

Experimental  Section 

The  samples  of  FBr02  used  for  recording  the  gas-phase  spectra 
were  prepared,  as  previously  described,6  by  low-tcmpcrature  co- 
condensation  of  BrFj  und  H^.  The  infrared  spectra  of  gaseous  FBrO} 
were  recorded  at  1 5 ®C  on  a Perkin-Elmer  Model  325  spectropho- 
tometer in  the  range  4000-290  cm'1  using  a nickel  cell  with  AgBr 
windows  attached  to  an  external  mirror  system  (optical  path  length 
1 10  cm). 

The  samples  of  FBri)2  used  for  the  matrix  isolation  study  were 
obtained  as  a byproduct  during  a spectroscopic  study7  of  BrFjO.  The 
spectrometer  and  handling  have  been  previously  described.7 

Results  awJ  1 discussion 

Infrared  Spectra  of  Gaseous  FBri)2.  A survey  infrared 
spectrum  of  gaseous  FBr'*02  is  shown  in  Figure  1.  The 
corresponding  spectrum  of  FBr,402  has  previously  been  re- 
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f igure  1.  Survey  infrared  spectrum  of  gaseous  PBr^Oj  recorded  at 
1 5 °C  in  a nickel  cell  equipped  with  AgBr  windows  with  an  optical 
path  length  of  1 10  cm  The  band  mark-xl  by  an  asterisk  in  due  to 
I IF. 
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Figure  2.  Band  contours  of  V|,  t>2.  and  t>}  of  gaseous  FBr'>02  recorded 
under  higher  resolution  conditions  with  scale  expansion.  For  r,  and 
i'2  the  frequencies  of  the  7vBr  and  "Br  Q-branch  centers  are  marked. 
For  V),  only  the  unresolved  Q branch  is  shown  at  the  same  scale  as 
that  used  for  rt  and  i>2.  The  complete  band  envelope  is  shown  at  a 
2.5X  compressed  scale. 


Figure  2.  Band  contour  of  i/}  of  gaseous  FBr'*02  showing  the  double 
Q branches  for  both  bromine  isotopes. 

ported.6  Figures  2 and  3 show  the  band  contours  of  each  band 
recorded  under  higher  resolution  conditions  and  scale  ex- 
pansion. 

The  observed  gas-phase  frequencies  of  FBrOj  are  compared 
in  Table  I to  those3  6 previously  reported  for  the  liquid  and  the 
solid.  As  -an  be  seen  from  Table  I,  the  gas-phase  frequencies 
significantly  deviate  from  those  of  liquid  and  solid  FBr02, 
indicating  some  degree  of  association  in  the  condensed  phases. 
The  BrF  stretching  mode,  v2  (A'),  exhibits  the  most  pro- 
nounced frequency  change  (-62  cm'1)  on  going  from  the  gas 
to  the  solid,  whereas  the  mean  frequency  change  of  the  two 
BrOj  stretching  modes,  v,  (A')  and  v}  (A"),  is  only  -17  cm'1. 
This  indicates  that  association  takes  place  mainly  through  the 
fluorine  ligands.  Preferential  association  through  fluorine 
ligands  has  previously  also  been  demonstrated7  for  BrFjO. 

Infrared  Spectra  of  Matrix-isolated  FBc02.  In  order  to 
obtain  unambiguous  bromine  isotopic  shifts  (bromine  contains 
two  naturally  occurring  isotopes,  7*Br  and  aiBr,  of  almost  equal 
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Figure  4.  Infrared  spectra  of  Ne,  N2,  and  Ar  matrix  isolated  FBrl402, 
recorded  at  3 6 K with  20-fold  scale  expansion  under  higher  resolution 
conditions  using  Csl  windows  and  a mole  ratio  of  ~ 1000:1. 

abundance)  for  FBr02,  the  infrared  spectra  of  matrix-isolated 
FBrl602  were  recorded  at  3.6  K.  Since,  for  the  related  BrFjO7 
and  BrFjs  molecules,  pronounced  and  unpredictable  matrix 
effects  and  splittings  were  observed,  the  spectra  of  FBr02  were 
recorded  in  three  different  matrix  materials,  i.e„  Ne,  N2,  and 
Ar.  The  observed  spectra,  recorded  under  higher  resolution 
conditions  with  20-fold  scale  expansion,  are  shown  in  Figure 
4.  The  observed  frequencies  arc  listed  in  Table  I.  By  analogy 
with  previous  reports  on  matrix-isolated  BrFj*-9  and  BrFjO,7 
the  FBr02  spectra  exhibited  pronounced  matrix  frequency 
shifts.  As  lor  BrFj8  and  BrFjO,7  a Ne  matrix  was  found  to 
give  the  best  results  and  frequency  values  very  close  to  those 
found  for  the  gas  phase  (see  Table  1).  Association  effects  were 
most  pronounced  in  the  Ar  matrix. 

Assignments  and  Determination  of  Isotopic  Shifts.  The 
assignments  for  FBrO,  in  point  group  C,  are  straightforward 
and  are  well  supported  by  Raman  polarization  data,3  by  1(lO 
isotopic  shifts,*  and  by  comparison  with  the  spectra  of  the 
closely  related  FC102  and  Se02F  3 species.  They  are  listed 
in  Table  I and  require  no  further  comment. 

For  the  determination  of  the  160-lsO  isotopic  shifts  in 
FBr02,  the  gas-phase  anharmonic  infrared  frequencies  listed 
in  Table  1 were  used.  However  for  compounds  exhibiting  such 
large  isotopic  shifts,  anharmonicity  corrections  of  these  shifts 
are  important  for  force  field  calculations.  Unfortunately,  no 
experimental  data  are  available  for  FBrOz  to  permit  reliable 
anharmonicity  corrections.  However  for  Ru04,  which  pos- 
sesses a central  atom  of  a mass  similar  to  that  of  Br  and 
exhibits  comparable  160-180  isotopic  shifts,  anharmonicity 
corrections  were  estimated11  to  be  about  1.4  and  0.5  cm"1  for 
the  140-180  isotopic  shifts  of  the  stretching  and  the  v4 
deformation  modes,  respectively.  Assuming  similar  correction 
values  for  FBr02,  the  magnitude  of  the  expected  anhar- 
monicity corrections  obviously  is  significantly  larger  than  the 
0.1  cm'1  uncertainty  in  the  values  of  the  observed  anharmonic 
frequencies.  Therefore,  we  have  treated  the  observed  an- 
harmonic oxygen  isotopic  shifts  in  the  following  normal-co- 
ordinate  analysis  as  the  lower  limit  and  have  used  1.6  and  1.0 
cm  1 larger  shifts  as  the  upper  limits  for  the  stretching  modes 
v,  and  1*5  and  the  deformation  mode  v j,  respectively.  As  will 
be  shown,  the  force  field  analysis  supports  this  choice. 

For  the  bromine  isotopic  shifts,  anharmonicity  corrections 
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are  much  less  of  a problem  due  to  the  smallness  (0-  3 cm'1) 
of  these  shifts.  Therefore,  possible  anharmonicity  corrections 
for  these  shifts  should  not  exceed  the  measured  uncertainties 
(±0.1  cm'1)  of  these  shifts.  The  best  values  for  the  isotopic 
shifts  arc  listed  in  the  last  two  columns  of  Table  I.  The 
agreement  between  the  bromine  isotopic  shifts  observed  for 
gaseous  FBr02  and  those  observed  for  the  matrix-isolated 
species  is  generally  good  if  one  takes  into  consideration  that 
the  Q-branch  band  contours  of  t*,  and  v2  are  distorted  on  the 
P-branch  side  by  hot  bands  and  that  for  a double  Q branch 
is  observed  for  each  bromine  isotope. 

Force  Field  Computations.  A normal-coordinate  analysis 
was  carried  out  for  FBr02  to  obtain  more  reliable  force 
constants  for  this  interesting  molecule  and  to  examine  the 
usefulness  of  isotopic  shifts  for  such  an  analysis.  The  potential 
and  kinetic  energy  matrices  were  computed  by  a machine 
method.12  The  geometry 


was  assumed  for  this  computation,  based  on  the  known  ge- 
ometries of  FBr03,13  FClOj,14  and  FCIO/  and  an  extrapo- 
lation between  BrO  bond  length  and  stretching  frequency, 
similar  to  that15  used  for  CIO  bonds,  using  the  data  published 
for  Br04  1617  and  FBr03.1318  This  geometry  appears  more 
likely  than  that  («  = f)  = 108°,  r - 1.63  A)  chosen5  by  Baran 
for  his  computation.  The  symmetry  coordinates  used  for 
FBr02  were  identical  with  those  previously  given10  for  FCIO-, 
except  for  the  correction  of  the  obvious  typographical  error 
in  the  factor  of  5 4.  The  bending  coordinates  were  weighted 
by  unit  (1  A)  distance. 

The  force  constants  were  adjusted  by  trial  and  error  with 
the  aid  of  a computer  to  give  an  exact  (0.1  cm'1)  fit  between 
all  observed  and  computed  frequencies.  The  observed 
79Br-81Br  and  l60-l#0  isotopic  shifts  were  used  as  additional 
constraints.  We  will  first  discuss  our  choice  of  a force  field 
for  the  A"  block  since  it  contains  only  one  stretching  and  one 
deformation  mode. 

The  force  constants  of  and  Fu  were  computed  as  a 
function  of  Fy,.  The  resulting  curves  are  shown  in  Figure  5. 
We  have  also  computed  the  bromine  and  oxygen  isotopic  shifts 
over  the  same  range  of  Fib  and  have  plotted  their  values  in 
Figure  5.  The  observed  isotopic  shifts,  A*,  ± 0.1  cm'1  and 
Aq.s  ± 1.6  cm  1 (see  above  discussion  of  anharmonicity 
corrections),  were  used  to  define  the  probable  range  of  the 
force  constants.  The  values  thus  obtained  are  given  in  Figure 
5 and  Table  II.  Figure  5 demonstrates  the  importance  of  the 
anharmonicity  corrections  for  Ao,5,  i.e.,  a better  overlap  with 
the  Ab,  j force  field  constraint,  as  previously  demonstrated19 
by  McDowell  and  Gddbiatt  for  Os04.  Furthermore,  it  shows 
that  the  preferred  force  field  closely  corresponds  to  F^  being 
a minimum,  a condition  previously  shown19-20  to  be  a good 
approximation  to  the  general  valence  force  field  values  for 
similar  weakly  coupled  systems. 

For  the  A'  block  of  FBrOj  the  problem  of  defining  a 
preferred  force  field  is  more  difficult  since  this  block  contains 
two  stretching  and  two  deformation  modes.  Numerical  ex- 
periments showed  that  only  three  of  the  six  off-diagonal 
symmetry  force  constants  were  essential  for  fitting  the  isotopic 
data.  These  three  off-diagonal  constants  were  Fjj,  Fu,  and 
Fm,  with  Fu  and  Fu  being  more  important  then  Fu.  This 
result  is  in  good  agreement  with  the  previous  findings10  for 
the  related  FClOj  molecule  and  is  not  surprising  in  view  of 
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Table  11.  Observed  Frequencies  for  F^Br'H),,  Symmetry  Force  Constants,0  Computed  end  Obeerved  '‘0-"0  end  Isotopic 

Shifts,  and  Potential  Energy  Distribution* 

isotopic  shifts,  cnr' 


assignment  approx  obid 

in  point  description  of  

group  C,  mode  freq,  cm'1  symmetry  force  constants  A0  ABr  Aq  BED 


A' 

v,ym(BrOa) 

921.0 

Fu  -fr  + frr 

6.931  t 0.095 

45.23 

1.56 

44.7 

1.5 

96  F„ 

V, 

*BrF) 

551.9 

F„  =/r 

2.750  ± 0.04 

0.31 

i.40 

0.4 

1.4 

99  F,, 

V, 

»t 

twrfFBiO.) 

385.8 

310 

F*t  a + ftxa 
F,i  =frfi 

Ft*  -ffta 

Fm 

1.453  * 0.08 
1.487  ± 0.08 
-0.40  ± 0.19 
0.095  t 0.09 
0.49  t 0.07 

15.6S 

11.74 

1.12 

0.52 

15.4 

76  F„,  16  Fu 
103F„,37F„,-41Fm 

A"  v, 
v* 

v«*ymtBr0») 

S^yrntFUlO,) 

978.9 

273 

F|i  -fr~  frr 
^4*  “/or  ~fotCK 
f 4*  38  fret  ~ fret' 

7.037  t 0.06 
0.762  t 0.004 
0.14  ± 0.22 

43.28 

7.21 

2.70 

0.33 

42.4 

2.7 

100  F„ 

100Fm 

<*  Stretching  constants  in  mdyn/A,  deformation  constants  in  mdyn  A/rid1,  and  stretch-bend  interaction  constants  in  mdyn/rad.  6 Percent 
ontributions.  Contributions  of  leu  than  9%  to  the  PED  are  not  listed. 


Figure  5.  Force  constant  display  of  the  A"  block  of  FBrOj  using  the 
observed  bromine  (2.7  ± 0.1  cnr1)  and  oxygen  (42.4  ± 1.6  cm  ’) 
isotopic  shifts  as  constraints.  F}5,  F**,  and  F*  have  units  of  mdyn/A, 
mdyn  A/radJ,  and  mdyn/rad,  respectively.  The  rectangle  of  Ao,, 
marked  by  broken  lines  represents  the  observed  anharmonic  oxygen 
sliift  of  kj  ± 0.4  cm1,  whereas  the  solid  rectangle  assumes  the  observed 
anharmonic  oxygen  shift  as  the  lower  limit  and  a 1 .6  cm  1 higher  value, 
for  anhurmonicity  corrected,  as  the  upper  limit.  The  broken  and  the 
solid  vertical  lines  indicate  the  plausible  force  constant  ranges  and 
the  preferred  force  field,  respectively. 

the  fact  that  G',j,  Gu , and  Gu  are  the  major  off-diagonal  C 
matrix  terms  in  the  A'  block.  It  was  also  shown  that  the 
variation  of  Flh  Fu,  and  FM  strongly  influenced  only  the 
corresponding  diagonal  terms.  This  relative  independence  of 
the  interaction  constants  permitted  us  to  examine  each  of  them 
separately.  The  results  of  these  computations  were  again 
summarized  in  graphical  form  and  are  presented  in  Figures 
6-8.  In  this  manner,  the  values  of  F,j,  Fu,  and  FM,  required 
to  duplicate  all  of  the  observed  isotopic  data,  were  determined. 
These  three  interaction  constants  were  then  combined  in  a 
single  force  Field,  and  a satisfactory  fit  of  the  isotopic  data 
could  be  achieved  with  only  minor  adjustments.  The  resulting 
force  field  is  given  in  Table  II.  The  computed  oxygen  shifts 
were  intentionally  kept  slightly  larger  than  those  observed  to 
leave  some  room  for  any  future  anharmonicity  corrections. 

Figures  6 and  7,  dealing  with  the  stretch-bend  interaction 
constants  Fu  and  Fu,  respectively,  are  analogous  to  Figure 
5,  which  has  been  discussed  above  in  detail  for  the  A"  block, 


Figure  6.  Force  constant  display  of  the  A'  block.  All  off-diagonal 
constants  were  set  to  zero,  except  for  Fl}.  Only  those  diagonal 
constants  arc  shown  which  were  significantly  influenced  by  changes 
in  the  interaction  constant  Fl}.  For  additional  explanation  see  caption 
of  Figure  5. 


Table  111.  Internal  Force  Or  istanti*  of  FBiO, 
Compared  to  Those  Previously  Reported 


this  work 

ref  5 

b 

fr 

6.984  t 0.08 

6.76 

6.78 

fR 

2.750  t 0.04 

2.25 

2.24 

frr 

-0.05  i 0.08 

0 

0.14 

fa 

1.125  x 0.04 

1,090 

1.066 

fa 

1.453  * 0.08 

1.664 

1.485 

Lk 

0.363  t 0.04 

0.344 

0.288 

0.49  i 0.07 

0.01 

/r<x 

0.095  1 0.09 

0.034 

fra 

-0.07  i 0.11 

0 

fra' 

+0.07x0.11 

0 

8 Units  are  identical  with  those  of  Table  II.  * R.  Bougon,  P. 
Joubert,  tnd  G.  Tantot ,/  Cheat  Phyt.,  66, 1562  (1977). 


and  therefore  do  not  require  any  further  comment.  Figure 
8 shows  the  dependence  of  the  two  diagonal  bending  constants 
F,j  and  Fu  on  the  bend-bend  interaction  constant  F*.  In 
order  to  be  able  to  fit  the  observed  oxygen  shift  of  *>j,  either 
a rather  large  positive  or  a small  negative  value  is  required 
for  Fm.  Of  these  two  possibilities,  the  former  is  preferred,  since 
it  results  in  more  piaus;ble  force  constants.  For  FM  ■>  0.2,  the 
potential  energy  distribution  (PCD)  is  essentially  10096 
characteristic  (F44  * minimum),  whereas,  for  the  extreme 
values  of  Fm,  V)  and  v4  become  about  even  mixtures  of  Fu  and 
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Table  IV.  Stretching  Force  Constants  (rodyn/A)  of  FBfO,  Compered  to  Those  of  Other  Bromine  Compound* 

BtO,  « BtO*' b BrFlO>'  * BrF«Q' c BrF,' d FBrO,  FBrO/  BrF, O'  BrF  BrF,«  BrF,*  BrFV 1 BrF/> 


UBiO)  5.28  6.05  6.32  6.70  6.98  6.92  7.68 

/n(BrF)  1.63  2.14  2.23  2.93  3.10  3.24 

2.75 

fR'(hiF)  3.22  3.51  4.07  4.07  4.02  4.60  4.90 

a H.  Siebert,  “Anwendungcn  der  Schwin#un*«pektro*opie  in  der  Anorganjtchen  Chemie”.  Springer-Verly,  Berlin,  1966.  b Reference  17. 
c K.  O.  Ch/Ute,  R.  D.  Wilson,  E.  C.  Curtii,  W.  Kuhlnunn,  end  W.  Sewodny , Inorf.  Chen,  17,533(1978).  «rK.  O.  Christo  end  D,  Neumann, 
ibid,  12,59  (1973).  * Reference  1 3.  f K.  O,  Christo,  E.C.  Curtis,  and  R.  Bougon,  Inorg.  Chem.,  17,533  (1978).  *Reference9.  hK.O. 
Chriato,  E.  C.  Curtis,  C.  J.  Schtdc,  and  D.  Pilipovich./ncw  Chen,  11,  1679  (1972).  ‘ K.  O.  Christo  end  C.  J.  Schack,  ibid,  9, 2296  (1970). 
i K.  O.  Christo  end  R.  D.  Wilson, (bid.,  14, 694  (1975).  * R.  Bougon,  P.  Joubert,  end  G.  Tentot,/  Chem.  fhyt.,  66, 1S62  (1977). 


Figar*  7.  Force  constant  display  of  the  A'  block  showing  the  de- 
pendence of  f'u  and  Fm  on  FM.  For  additional  explanation  see  captions 
of  Figures  5 and  6. 


F34  0.4310.04 

Figure  8.  Force  constant  display  of  the  A'  block  showing  the  de- 
pendence of  Fij  and  Fu  on  Fu. 

Fm.  The  moderate  amount  of  mixing  obtained  for  v3  and  v* 
in  our  preferred  force  field  (see  Tabie  ii)  is  not  surprising  in 
view  of  their  similar  frequencies  and  motions  involved.  The 
remainder  of  the  PED  (see  Table  II)  is  highly  characteristic 
and  supports  the  approximate  description  of  the  modes  given 
in  Table  II. 

A comparison  of  the  internal  force  constants  of  FBrOj  with 
those  previously  reported  is  given  in  Tabic  HI.  As  can  be  seen, 
our  force  field  significantly  differs,  particularly  for/#  and/*. 


Table  V. 

Thermodynamic  Properties  for  F”Br“0, 

7*.  K 

c • 

c#V(mol  deg) 

HFT-trjlT> 

k cal/ mol  cal/(mol  deg) 

S*T,eu 

0 

0 

0 

0 

0 

too 

9.493 

0.831 

48.749 

57.059 

200 

12.831 

1.957 

54.945 

64.732 

298.15 

15.033 

3.332 

59.119 

70.295 

300 

15.066 

3.360 

59.188 

70.388 

400 

16.527 

4.945 

62.576 

74.938 

500 

17.467 

6.648 

65.438 

78.734 

600 

18.082 

8.427 

67.931 

81.977 

700 

18.498 

10.258 

70.144 

84.797 

800 

18.789 

12.123 

72.134 

87.288 

900 

18.998 

14.013 

73.944 

89.513 

1000 

19.154 

15.921 

75.603 

91.523 

1100 

19.272 

17.842 

77.134 

93.355 

1200 

19.363 

19.774 

78.557 

95.036 

1300 

89.436 

21.714 

79.885 

96.589 

1400 

19.494 

23.661 

81.130 

98.031 

1500 

19.541 

25.613 

82.303 

99.378 

1600 

19.580 

27.569 

83.410 

100.640 

1700 

19.613 

29.529 

84.458 

101.828 

1800 

19.640 

31.491 

85.455 

102.950 

1900 

19.664 

33.456 

86.404 

104.013 

2000 

19.684 

35.424 

87.310 

105.022 

Our  results  show  that  the  BrF  bond  in  FBr02  is  significantly 
stronger  than  previously  assumed.1'5 

Coaparboa  with  Similar  Compounds  and  Beading  hi  FBrOj. 
A comparison  of  the  FBrOj  stretching  force  constants  with 
those  of  other  bromine  oxides,  fluorides,  and  oxyfluorides  is 
given  in  Table  IV.  The  BrF  stretching  force  constants  are 
separated  into  two  groups.  The  low  fR  force  constants  observed 
for  BrFjOj-,  BrF*CJ',  BrF*  , and  some  of  the  bonds  in  BrFj 
and  BrFs  can  be  attributed  to  significant  contributions  from 
semiionic,  three-center,  four-electron  bonding  while  it  is  as- 
sumed that  the  bonds  belonging  to  the /#'  group  are  largely 
covalent.  The  spread  within  each  group  is  caused  by  secondary 
effects,  such  as  formal  charge  (anion,  neutral  molecule,  or 
cation),  degree  of  fluorine  substitution,  and  oxidation  state  of 
the  central  atom.  These  effects  have  previously  been 
discussed21,22  at  length  for  the  corresponding  chlorine  com- 
pounds and  appear  to  be  also  applicable  to  the  bromine 
compounds  of  Table  IV,  although  for  the  latter  they  are 
somewhat  less  pronounced.  This  is  caused  by  the  fact  that 
the  larger  bromine  central  atoms  are  more  polarizable  than 
chlorine,  thereby  causing  the  two  types  of  bonds  to  become 
less  distinct. 

As  far  as  FBrOj  is  concerned,  it  can  be  seen  from  Table 
I V that  its  stretching  force  constants  do  not  fit  too  well  the 
general  trends  of  Table  IV,  and  it  is  therefore  placed  between 
these  two  groups.  A similar  anomaly  has  previously  been  noted 
for  FClOj  and  was  explained  by  a weak  highly  polar  (p-r*)er 
bond.22  The  same  explanation,  i.e.,  bonding  between  a 2p 
electron  of  F and  an  antibonding  ■**  orbital  of  the  BrOj 
radical,  can  be  invoked  for  FBrOj. 

Tfcernodyauoic  Properties.  The  thermodynamic  properties 
of  F^Br^Oj  were  computed  with  the  molecular  geometry 
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Table  VI.  Thermodynamic  Properties  of  F*‘C1“0, 


T,  K 

<V- 

caJ/(mol  deg) 

w%yr, 

keal/mol  cal/ (mol  deg) 

S*  7*1 
eu 

0 

0 

0 

0 

0 

100 

8.507 

0.805 

46.851 

54.898 

200 

11.267 

1.790 

52.666 

61.618 

298.15 

13.509 

3.012 

56.456 

66.559 

300 

13.545 

3.037 

56.519 

66.643 

400 

15.167 

4.478 

59.581 

70.775 

500 

16.318 

6.055 

62.180 

74.291 

600 

17.134 

7.730 

64.459 

77.342 

700 

17.718 

9.474 

66.495 

80.030 

800 

18.143 

11.268 

68.339 

82.425 

900 

18.459 

13.099 

70.026 

84.581 

1000 

18.699 

14.958 

71.581 

86.539 

1100 

18.884 

16.837 

73.023 

88.330 

1200 

19.030 

18.733 

74.368 

89.979 

1300 

19.147 

20.642 

75.629 

91.507 

1400 

19.241 

22.562 

76.814 

92.930 

1500 

19.318 

24.490 

77.934 

94.260 

1600 

19.382 

26.425 

78.993 

95.509 

1700 

19.436 

28.366 

80.000 

96.686 

1800 

19.481 

30.312 

80.958 

97.798 

1900 

19.520 

32.262 

81.872 

98.852 

2000 

19.554 

34.216 

82.747 

99.854 

given  above  and  the  vibrational  frequencies  of  Table  II,  as- 
suming an  ideal  gas  at  1 atm  pressure  and  using  the  har- 
monic-oscillator, rigid-rotor  approximation,23  These  properties 
are  given  for  the  range  0-2000  K in  Table  V.  Since  no 
thermodynamic  data  had  previously  been  reported  for  FC102, 
wc  have  also  computed  these  properties  for  F3,C1I602  (sec 
Table  VI)  using  the  previously  published  frequencies10  and 
geometry.4 

Coucluston 

A force  field  has  been  computed  for  FBr02  using  gas-phase 
frequency  values  and  bromine  and  oxygen  isotopic  shifts.  It 
was  shown  that  the  most  important  force  constants, /B(0  and 
J b,f.  can  be  determined  with  an  accuracy  of  about  0.08  and 
0.04  mdyri/A,  respectively.  The  importance  of  anharmonicity 
corrections  for  the  oxygen  shifts  was  demonstrated.  In  the 
absence  of  such  anharmonicity  corrections,  the  bromine 
isotopic  shifts  are  more  useful  for  defining  the  force  field 
because  of  the  smaller  anharmonicity  corrections  required. 
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The  BrF  bond  in  FBrOj  (2.75  mdyn/A)  is  considerably 
stronger  than  previously  assumed  (2.25  mdyn/A)s  but  is  still 
somewhat  weaker  titan  predicted  by  comparison  with  related 
bromine  compounds.  This  weakening  effect  might  be  ex- 
plained by  assuming  a polar  a bond  between  a 2p  electron  of 
F and  an  antibonding  r*  orbital  of  the  Br02  radical. 
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The  novel  N3F}+  salt  N3FjSbF4  was  prepared  from  N3F4  and  SbFj  in  anhydrous  HF  solution.  A metatbetical  reaction 
between  N3FjSbF4  and  Cs3SnF4  in  HF  produced  N3F4  and  the  novel  salt  NjFjSnFj.  It  waa  shown  that  N3F4  and  BF» 
do  not  form  a stable  adduct  at  temperatures  as  low  as  -78  *C.  The  vibrational  and  '*F  NMR  spectra  of  the  NjFj*  cation 
were  reexamined.  All  the  experimental  data  ore  consistent  with  a planar  structure  of  symmetry  C,  for  N2Fj+.  The  previously 
reported  vibrational  assignments,  made  on  the  basis  of  a non  planar  structure  of  symmetry  C|,  are  revised  for  aix  fundamental 
frequencies. 


Introduction 

The  first  report  on  the  formation  of  a stable  adduct  between 
N3F4  and  a Lewis  add  was  published1  in  1965  by  Ruff.  He 
showed1*2  that  SbF},  when  treated  with  an  excess  of  N3F4  in 
AsFj  solution,  produced,  depending  on  the  pressure  of  N2F4, 


either  the  1:2  adduct  N3F4*2SbF3  or  the  1:3  adduct  N3F4* 
3SbF,.  On  the  basis  of  the  observed  '*F  NMR  spectrum  and 
an  incomplete  infrared  spectrum,  he  assigned  to  N2F4'2$bF3 
the  tonic  structure  N3F}'fSb3F(f  with  hindered  rotation  around 
the  N-N  bond  in  NjFj+.  In  1967,  Young  and  Moy  published1 
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the  syntheses  of  adducts  between  N2F4  and  AsFs.  At  -78  °C 
and  ambient  temperature,  the  AsF5:N2F4  combination  ratios 
were  reported  to  be  2.3  and  i .3  ± 0.2,  respectively.  In  addition 
to  an  incomplete  infrared  spectrum  and  an  unresolved  ,9F 
NMR  spectrum,  the  strongest  lines  of  an  X-ray  powder 
diffraction  pattern  were  given  which  was  indexed  on  the  basis 
of  a cubic  unit  cell  with  a * 10.8  A.  In  the  same  year,  Lawless 
published4  a better  resolved  infrared  spectrum  of  N2F3AsF4, 
but  no  assignments  were  offered.  !n  1970,  Qureshi  and  Aubke 
published5  a paper  dealing  with  the  infrared  and  Raman 
spectra  of  solid  N2F(AsF6  and  N2FJSb2FM.  With  the  exception 
of  the  N -N  torsional  mode,  they  observed  and  tentatively 
assigned  all  fundamental  vibrations  of  N2F3+  proposing  a 
nonplanar  structure  of  symmetry  C,. 

Since  N2F3+  salts  are  of  interest  as  burning  aids  in  solid 
propellant  NF3-F2  gas  generator  formulations,0  we  have 
studied  (i)  the  synthesis  of  N2FjSbF6,  (ii)  the  possibility  of 
converting  N2FjSbf into  “self-clinkcring"7  N2F3+  salts  by 
metathetical  reactions,*  and  (iii)  the  vibrational  spectra  and 
structure  of  the  N2F3+  cation.  The  results  of  this  study  are 
summarized  in  this  paper. 

Experimental  Section 

Materials  and  Apparatus.  Volatile  materials  were  manipulated  in 
a well-passivated  (with  CIF3)  Monel  vacuum  line  equipped  with 
Teflon-  FEP  U-traps  and  diaphragm  valves.  Pressures  were  measured 
with  either  a Hcise  Bourdon  tube-type  gauge  (0-1500  mm  ± 0.1%) 
or  a Validyne  Model  DM  56A  pressure  transducer.  Nonvolatile 
materials  were  handled  outside  of  the  vacuum  system  in  the  dry 
nitrogen  atmosphere  of  a glovebox. 

Arsenic  pentafluoride  and  SbFs  (Ozark  Mahoning),  N2F4  (Air 
Products),  and  BF3  and  S02  (Matheson)  were  purified  by  fractional 
condensation  prior  to  use.  The  BrFj  (Matheson)  was  treated  with 
Fj  at  200  ®C  and  then  purified  by  fractional  condensation.  HF  was 
dried  as  previously  described.’  The  SnF,  (Ozark  Mahoning)  was  used 
as  received.  The  preparation  of  Cs2SnF6  has  previously  been  de- 
scribed.7 

The  infrared  spectra  were  recorded  on  a Perkin-Elmer  Model  283 
spectrophotometer  as  dry  powders  pressed  between  AgBr  or  AgCI 
disks  in  a Wilks  minipellct  press.  Raman  spectra  were  recorded  on 
a Cary  Model  83  spectrometer  using  the  4880-A  exciting  line  and 
a Claassen  filter10  for  the  elimination  of  plasma  lines.  Polarization 
measurements  for  HF  solutions  in  thin-walled  KelF  capillaries  were 
carried  out  by  method  VIII,  as  described10  by  Claassen  ct  al.  The 
”F  NMR  spectra  were  recorded  on  a Varian  Model  EM  390 
spectrometer  at  84.6  MHz  using  Teflon- FEP  sample  tubes  (Wilmad 
Glass  Co.)  and  CFCI  , as  an  external  standard.  Dcbye-Scherrer 
powder  patterns  were  taken  using  a GE  Model  XRO-6  diffractometer 
with  nickel-filtered  copper  K<x  radiation. 

Synthesis  of  N2F3SbF4.  A Teflon  ampule,  containing  a Teflon- 
coated  magnetic  stirring  bar  and  equipped  with  a stainless  steel  valve, 
was  loaded  with  14.4  mmol  of  SbFs  in  a glovebox  and  attached  to 
the  vacuum  line.  Then  2 mL  of  anhydrous  HF  was  condensed  into 
the  ampule  at  -78  *C.  While  the  mixture  was  stirred  and  warmed 
to  ambient  temperature,  the  system  was  pressurized  with  N2F4  (~  1 
aim).  A gradual  decrease  in  the  pressure  was  noted  due  to  uptake 
of  NjF4.  Periodic  cycling  to  below  0 °C  seemed  to  increase  the  rate 
of  N2F4  uptake.  After  several  hours  the  unreacted  N2F4  and  HF 
solvent  were  pumped  off  at  40  °C  until  constant  weight  was  achieved. 
7 he  observed  weight  gain  corresponded  to  the  reaction  of  1 2.1  mmol 
of  N2F4.  When  the  reaction  was  repeated  on  a iarger  scale  with  8 
mL  of  HF  for  3 days,  it  was  found  that  74.0  mmol  of  SbFj  reacted 
with  73.5  mmol  of  N2F4  to  give  23.66  g of  NjFjSbF,  (weight  of 
N2F3SbF4  calculated  for  74.0  mmol  of  SbFs:  23.74  g),  which  was 
characterized  by  ”F  NMR  and  vibrational  spectroscopy. 

Synthesis  of  NjFjAsF*.  A 30-mL  stainless  steel  cylinder  was  loaded 
al  -196  *C  with  22.8  mmol  of  AsFs  and  26,8  mmol  of  N2F4.  In  a 
prechilled  but  empty  Dewar,  the  cylinder  was  allowed  ip  warm  slowly 
from  -196  aC  to  room  temperature.  Unreactud  N2F4  (4.0  mmol) 
was  recovered  by  pumping  at  ambient  temperature.  The  weight  (6.25 
g)  of  the  resulting  white  solid  was  in  excellent  agreement  with  that 
(6.25  g)  calculated  for  22.8  mmol  of  N2FjAsF4.  The  compound,  when 
prepared  in  this  manner,  always  was  slightly  tacky,  but  hard.  It  waa 
characterized  by  '*F  NMR  and  vibrational  spectroscopy. 


The  N2F4-BF3  Systems.  Equimolar  amounts  of  N2F4  and  BF^  when 
combined  at  -78  *C  in  a Teflon-FEP  ampul.';,  did  not  form  a solid. 
The  liquid  could  be  distilled  at  -78  #C  to  a colder  trap  without  leaving 
any  solid  residue  behind. 

The  N2F4-S«F4  System.  A suspension  of  SnF4  (4.68  mmol)  in  4 
mL  of  liquid  HF  in  a Teflon-FEP  ampule  was  pressurized  with  N2F4 
(1 2.7  mmol)  to  a pressure  of  900  mm.  The  mixture  was  tirred  for 
5 days  at  room  temperature.  On  the  basis  of  its  vibrational  spectra 
and  chemical  analysis,  the  white  solid  residue  obtained  upon  removal 
of  all  material  volatile  at  25  ®C  did  not  contain  any  N2F3+. 

Synthesis  of  N2FjSuFj.  Solid  N2FjSbF4  (6.48  mmol)  and  Cs^nF* 
(3.24  mmol)  were  placed  in  a previously  described  Teflon-FEP 
apparatus,  and  approximately  2 mL  of  anhydrous  HF  was  added. 
After  the  system  was  stirred  and  shaken  vigorously  for  30  min  at  room 
temperature,  some  of  the  HF  was  removed  under  vacuum  and  the 
mixture  was  cooled  to  -78  °C.  The  solid  and  liquid  phases  were 
separated  by  pressure  filtration,  and  the  volatile  products  were  removed 
by  pumping  at  25  ®C  for  1 5 h.  The  volatile  material  was  separated 
by  fractional  condensation  and  consisted  of  the  HF  solvent  and  N2F4 
(3.2  mmol).  The  filtrate  residue  (0.3  g)  was  shown  by  vibrational 
spectroscopy  to  contain  the  N2F3+  and  (SnFs"),  ions1"5*  as  the  main 
components,  in  addition  to  a small  amount  of  SbF4\  The  filter  cake 
consisted  mainly  of  CsSbF4  with  lesser  amounts  of  N2F3SnF5. 

Attempts  were  unsuccessful  to  suppress  N2F4  evolution  in  the  above 
reaction  by  carrying  out  the  entire  metathesis  at  -78  “C.  Again  N2F4 
evolution  and  N2F3SnFs  formation  were  observed. 

Results  and  Discussion 

Synthesis.  For  the  metathetical  synthesis  of  N2F3+  salts 
using  the  CsSbF6  process,"  N2F3SbF6  was  needed  as  a starting 
material.  Although  Ruff  liad  studied1-2  the  interaction  of  N2F4 
with  SbFj  in  a solvent,  such  as  AsF3,  he  had  obtained  only 
the  polyantimonates  N2F3Sb2Fu  and  N2F3Sb3Fl6.  We  found 
that,  if  this  reaction  is  carried  out  in  HF  solution  using  excess 
N2F4  at  a pressure  of  about  1 atm,  N2F3SbF6  can  be  obtained 
in  quantitative  yield  and  excellent  purity  according  to 

N2F4  + SbF5  - « N2F3SbFt 

room  temp 


Similarly,  no  difficulty  was  encountered  in  preparing  a 
well-defined  1:1  adduct  between  N2F4  and  AsFs.  In  this  case, 
no  solvent  was  required  and  the  yield  was  quantitative: 

N2F4  + AsFj  ■--5  *C«  N2F3AsF6 


According  to  a previous  report3  by  Young  and  Moy  on  the 
same  system,  the  averaged  composition  of  their  adduct  was 
N2F4*l.33AsF5  and,  in  the  presence  of  HF  as  a solvent,  the 
yield  was  only  about  63%. 

Boron  trifluoride,  which  is  a weaker  Lewis  acid  than  SbFs 
and  AsF5,  docs  not  form  a stable  adduct  with  N2F4  at  tem- 
peratures as  low  as  -78  °C.  Our  attempts  also  failed  to 
directly  synthesize  an  N2F3+  salt  derived  from  SnF4  by 
treatment  of  a SnF4-HF  suspension  with  M2F4.  No  N2F4 
uptake  occurred.  This  lack  of  reactivity  cannot  be  due  to 
insufficient  acid  strength  of  SnF4  since  metathesis  in  HF  yields 
stable  N2F3SnF5  (see  below).  A more  plausible  explanation 
is  that  N2F4  is  not  a strong  enough  Lewis  base  to  depolymerize 
SnF4. 

Since  the  direct  synthesis  of  an  adduct  between  N2F4  and 
SnF4  was  not  possible,  a metathetical  reaction  between 
N2FjSbF4  and  Cs^nF*  was  carried  out  in  HF  solution.  The 
following  reaction  occurred: 


2N2F3SbF6  + Cs^nF* 


HF  win 

-78  ®C  filtration 

2CsSbF6i  + NjFjSnF,  + N2F4 


The  N2FjSnFj  salt  is  a white  solid,  stable  at  room  temperature. 
It  is  considerably  more  soluble  in  HF  than  CtSbF4,  thus 
making  the  metathesis  possible.  Attempts  were  unsuccessful 
to  prepare  (N2FJ)2SnF4  by  modification  of  the  above  reaction 
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Figure  1.  Vibrational  spoctra  of  N2FjSbF4:  trace  A,  infrared  spectrum 
of  the  solid  as  an  AgBr  disk,  the  broken  line  being  due  to  absorption 
by  the  window  material;  traces  B and  C,  Raman  spectrum  of  the  solid 
recorded  at  two  different  recorder  voltages  with  spectral  slit  widths 
of  3 and  8 cm"1,  respectively;  traces  D-H,  Raman  spectra  of  an  HF 
solution  recorded  at  different  xirder  voltages  and  spectral  slit  widths 
(5  and  8 cm  ')  with  incident  polarization  parallel  and  perpendicular 
(p  and  dp  stand  for  polarized  and  depolarized  bands,  respectively). 

conditions.  This  was  somewhat  unexpected  in  view  of  the  fact 
that  previously  no  difficulty  was  encountered  in  the  preparation 
of  the  analogous  (NF4)jSnF6  salt  from  NF4SbF4  and  Cs2SnF4 
under  similar  reaction  conditions.7  It  should  be  remembered, 
however,  that  the  favored  reaction  product  from  the  dis- 
placement reaction  between  NF4BF4  and  SnF4  in  HF  was 
NF4SnFj  and  not  (NF4)jSnF4.7  These  results  indicate  that 
the  reaction  chemistry  of  SnF4  and  its  anions  in  HF  is  rather 
complex  and  hard  to  predict  without  exact  knowledge  of  the 
corresponding  solvation  and  lattice  energies  of  the  possible 
products. 

Vibrational  Spectra.  Figures  1-3  show  the  vibrational 
spectra  of  N2F3SbF4,  N2F3AsF4,  and  N2FjSnF5,  respectively. 
The  observed  frequencies  arc  listed  in  Tables  I and  II.  The 
vibrational  spectra  of  SbF4~, 1AI 112  AsF4", 5,1  U3,14  and  (SnF5~)47 
are  well-known  and  can  be  assigned  without  difficulty  (see 
Tables  I and  II).  The  remaining  bands  should  be  due  to  the 
N2F34  cation. 

The  cation  could  possess  either  a planar  structure 
of  symmetry  C,  (1)  or  a nonpianar  structure  of  symmetry  C\ 

F— N — N 

/ V 

I(C.)  II  (C,) 

caused  by  significant  contributions  from  resonance  structure 
II.  The  assignments  previously  made’  by  Qureshi  and  Aubke 
for  N2F3+  were  based  on  symmetry  C,,  although  structure  11 
is  energetically  considerably  less  favorable  than  I (one  nitrogen 
possesses  only  six  valence  electrons)  and  is  in  poor  agreement 


Figure  2.  Vibrational  spectra  of  N2F3AsF4.  For  explanation,  sec 
caption  of  Figure  I. 


Figure  X Raman  spectrum  of  solid  N2FjSnF}  recorded  at  two  different 
recorder  voltages. 

with  the  published  NMR  data1-2  which  show  hindered  rotation 
around  the  N-N  bond  up  to  at  least  120  ®C.  Symmetry  C( 
had  previously  been  chosen4  because  the  highest  Raman 
frequency  observed  for  either  solid  IM2FjAsF4  or  N2FJSb2F,, 
occurred  at  about  1310  cm-1.  Since  this  frequency  is  con- 
siderably lower  than  expected1-4-'*  for  an  N=—N  bond,  sig- 
nificant contributions  from  II  were  assumed.1 

As  can  Ic  seen  from  Figures  1-3,  the  highest  Raman  band 
observed  for  ail  three  N2Fj+  salts  occurs  at  about  1 520  cm'1, 
thus  confirming  the  original  assignment1'1  of  the  strong 
1520-cm'1  infrared  band  to  the  N*“N  stretching  mode  and 
eliminating  the  basis  for  Qureshi  and  Aubke’s  reassignment.1 
The  previous  failure  to  observe  the  1 520-cnT1  Raman  band 
can  be  explained  by  its  relatively  low  intensity  and  the  low 
signal  to  noise  ratio  in  the  reported  spectrum.1 

Having  established  the  identity  of  the  N1— N stretching 
mode,  we  can  now  proceed  to  test  if  the  rest  of  the  N2F3 
spectrum  is  consistent  with  symmetry  C,.  For  N2F3+  of  C, 
symmetry  a total  of  nine  fundamental  vibrations  is  expected 
of  Which  six  belong  to  species  A'  and  three  belong  to  A".  An 
approximate  description  of  these  nine  modes  is  given  in  Table 
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obad  freq,  cm'1 , and  ml  in  ten  a* 


N,F,SbF4  N,F,AiF4 

assignments  for  — rj — 

NjF,*  ta  point  HF  iota  10 HF  iota  assignments  for  MF,"  in 

group  C, IR Raman Ramwi  IR  Raman  Raman  point  group  Oh 

v. +c,  (A')=2829  2*25  vw  ~ 


V,  + V,  (A‘)  = 2649 

2647  vw 

2c,  (A')  = 2614 

2608  ww 

c,  + c,(A')  = 2447 

2443  vw 

c,  + 2c,  (A')  = 2339 

2343  vw 

c,  + c4  (A')  = 2232 

2227  w 

c,  + »4  (A')  = 2052 

2050  ah 

c,  + c,  (A")  = 1978 
2c4  (A')  = 1850 

1976  w 
1850  vw 

v,  + c,  (A")  =1798 

1796  vw 

v,  + v,  (A')  = 1643 

1642  vw 

c, + c4  (A')  = 1617 

1619  ah 

c4  + c,  (A")  = 1596 

1599  ww 

v,  (A') 

1522  a 

1522(0.1) 

1522  (0.1)  p 

*»,  + c4  (A')  = 1437 

1436  m 

1424  (0+) 

1435  (0+) 

2c,  (A')  = 1 342 
*>,  (A') 

1343  m 
1310  vs 

1307(0.1) 

1306  (0.1)  p 

c,  + 2v,(A')=  1204 

1210  vw 

c,  + c,  (A")=!187 

1189  vw 

c,  (A') 

2c,  (A')  «=  1032 

1127  va 
1033  ww 

1124(0.4) 

1127  (0.6)  p 

2c,  (A')  = 994 

998  m 

997  (0.2) 

1000  (0.25)  p 

*4  (A') 

925  a 

755  mw 

924(3.2) 

927  (6.1)  p 

v,  (A") 

670  v* 

670  (0.9) 

671  (0.8)  dp 

656  (10) 

655  (10  p 

(A*) 

582  (0.4)  1 
566  (1.1)  > 

575  (0.4)  dp 

515  ma 

514(0.8) 

518  (1.0)  p 

v.  (A") 

497  ma 

496  (0.5) 

499  (0.6)  dp 

v,  (A") 

345  m 

348  (0+) 

-4  (A') 

290  vi 

310(0.5) 

310  (0.6)  p 

280  (2.4) 

280  (2.3)  dp 

* Uncorrected  Raman  intenaittev 


2820  vw 
2643  vw 
2605  ww 
2440  vw 
2340  vw 
2223  w 

1970  w 
184$ vw 
1795  vw 
1639  vw 
1617  ww 
1596  ww 
1519  a 

1520(0.2) 

1524  (0.2)  p 

1432  m 

1430 (0+) 

1390  vw 

v.  +"»  (Fiu) 

1340  m 
1307  va 

1305  (0.2) 

1300  (0.2)  p 

1206  vw 

c,  + c,  (F1U  + Flu) 

1186  vw 

1128  vw  1127(0.6)  1128  (0.7)  p 
1032  ww 


996  m 

997  (0.3) 

1001  (0.3)  p 

923  a 

826  mw 

925  (4.7) 

929  (5.9)  p 

^ + v4  (F1U  + Fau) 

699  vs 

671  (0.9) 

671  (0.8)  dp 

v,  CFIU) 

690  (10) 

689  (10)  p 

vi  (A,g) 

620  ah 

581  (1.3) 

575  (0.4)  dp 

c,  + c4  (A,u  + Ey  + F, 
v,  (E*) 
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516(1.2) 
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496  ma 
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*\(F1U) 

<F,«) 

Table  II.  Vibrational  Spectra  of  Solid  N .F,SnFt 
obad  freq,  cm'1 , and 


rel  in  tens  alignment 


IR 

Raman 

N,F,’  (C4) 

(SnF,')„ 

1518  a 

1519(0.1) 

V,  (A1) 

1428  ra 

1341  m 

1304  va 

1304(0.1) 

c,  + v4  (A') 
2c,  (A') 
o',  (A') 
v,  (A') 

2c.  (A’) 
v,  (V) 

(A') 

1126  va 

1127(04) 

986  m 

988  (0.4) 

921  va 

921  (3.9) 
670(1.1) 

635 » . 
610f*,bl 

604(10) 
572  (0.3) 
512(2) 

| atr  model 

*,  (A') 

490-450  m,  bi 

492  (1) 

v,  (A") 

bridge  ate 

310  (0.8) 

*,  (A') 

228  (1.3) 
179(1.1) 

jj-def  modea 

. All  nine  modes  should  be  infrared  and  Raman  active, 

with  a possible  exception  being  the  torsional  mode  a,  which 
is  expected  to  be  of  very  low  Raman  intensity.  The  three  A" 
modes  should  result  in  depolarized  Raman  bands. 

As  can  be  seen  from  Table  HI,  three  NF  stretching  modes 
are  expected  all  belonging  to  species  A'  and  occurring  in  the 
frequency  range  900-1 30C  cm'*.  There  are  three  very  intense 
infrared  bands  in  this  region  (see  Figures  1 and  2),  all  of  which 


Table  III.  Fundamental  Frequencies  (cm'1)  of  NjF,'*  and  Their 
Alignment  in  Point  Group  C, 


freq 

assignment 

approx  description  of  mode 

1522 

A'  v, 

N=N  atr 

1307 

v. 

asym  NF,  atr 

1127 

v, 

NF'  atr 

925 

»4 

sym  NF,  atr 

516 

5(symNFs)  in  plane 

310 

»* 

S(FNNF,)  in  plane 

671 

A"  v, 

6(aaym  FNNF,)  out  of  plane 

497 

v. 

6(aym  FNNF,)  out  of  plane 

344 

V, 

N=N  torsion 

have  Raman  counterparts.  Of  the  three  predicted  NF 
stretching  modes,  the  symmetric  NF2  stretch  (c4)  is  expected 
to  have  the  highest  Raman  intensity  and  the  lowest  depo- 
larization ratio  and,  therefore,  is  assigned  to  the  band  at  about 
925  cm'1.  The  reverse  should  hold  true  for  the  antisymmetric 
NF2  stretching  mode  c2  which,  therefore,  is  assigned  to  the 
band  at  about  1310  cm'1.  This  leaves  the  assignment  of  the 
band  at  about  1127  cm'1  to  the  unique  NF  stretching  mode 
vj,  the  frequency  of  which  is  similar  to  that  of  the  NF  stretch 
in  N2F+. 

For  the  assignment  of  the  five  deformation  modes,  the 
following  five  frequencies  are  available:  671,  516, 497,  344, 
and  310  cm'1.  Of  these,  the  516-  and  310-cm'1  bands  are 
clearly  polarized  in  the  Raman  spectra  and  therefore  must 
represent  the  two  remaining  A'  mode*.  By  comparison  with 
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Figure  4.  '*F,  NMR  spectrum  of  M2F3AsFt  in  BrFs  solution,  recorded 
at  -78  #C  and  84.6  MHz  using  CFClj  as  external  standard.  The  very 
broad  background  signal  is  due  to  rapidly  exchanging  BrF,  and  AsFt~. 
The  inserts  show  the  A,  B,  and  X signals,  all  recorded  with  tenfold 
scale  expansion,  but  different  recorder  gain  settings. 

the  known  frequencies  of  the  NF2“  and  CF219  radicals,  the 
516-cm1  band  is  assigned  to  the  NF2  scissoring  mode  »5, 
leaving  the  310-cm'1  band  for  the  unique  FNN  in-plane 
deformation  mode 

Of  the  remaining  three  fundamental  frequencies,  the  67 1 - 
and  497-crrT1  ones  exhibit  reasonably  intense  depolarized 
Raman  bands,  whereas  the  344-cm"1  one  has  been  observed 
only  in  one  Raman  spectrum  (Figure  1,  trace  B)  as  an  ex- 
tremely weak  band.  In  the  infrared  spectra,  the  344-cm"1 
fundamental  is  of  medium  intensity.  These  intensity  relations 
indentify  the  344-cm'1  band  as  the  N— N torsional  mode.  Of 
the  two  remaining  frequencies,  the  67 1 -cm"1  fundamental  is 
assigned  to  the  antisymmctic  and  the  497-cm'1  fundamental 
to  the  symmetric  FNNF2  out-of-planc  deformation.  This 
assignment  is  based  on  that20  of  the  related  C2F4  molecule. 
Numerous  combination  bands  were  observed  in  the  infrared 
spectra.  Their  assignment  is  given  in  Tabic  I. 

In  summary,  the  vibrational  spectra  of  the  N2F3+  ion  are; 
entirely  consistent  with  our  predictions  for  a planar  model  of 
symmetry  C,.  All  nine  fundamentals  were  observed,  with  six 
of  them  being  polarized  and  two  of  them  being  depolarized 
in  the  Raman  spectra.  As  expected,  the  torsional  mode  is  of 
very  low  Raman  intensity.  The  double-bond  character  of  the 
NN  bond  in  N2F3+  is  confirmed  by  the  high  frequencies  of 
the  NN  stretching  and  the  torsional  mode. 

NMR  Spectra.  The  l9F  NMR  spectra  of  N2F3AsF6  and 
N2F3SbF(,  were  recorded  at  84.6  MHz  in  S02,  BrF5,  SbFJt 
and  HF  solution.  The  HF  solvent  was  acidified  with  either 
AsFs  or  SbFj  to  suppress  exchange  between  the  solvent  and 
the  cation.20^2  In  HF,  BrF5,  and  SbF5  solutions,  exchange 
between  the  anions  and  the  solvent  was  observed;  however,  in 
S02  solution  separate  signals  were  observed  for  AsF*'  at  </>  57 
and  SbF*  at  ^ 1 11  with  the  appropriate  area  ratios. 

For  N2F3+,  a typical  ABX  pattern  with  an  area  ratio  of  1:1:1 
was  observed  at  about  <f>  -127,  -154,  and  -187,  respectively. 
The  chemical  shifts  of  these  signals  exhibited  only  little  solvent 
and  temperature  dependence.  Even  at  1 50  °C  (SbFj  solution), 
no  uveruging  of  the  NF  resonances  was  noticeable,  indicating 
strongly  hindered  rotation  about  the  N -N  axis,  as  expected 
for  a N— N.  These  findings  are  in  excellent  agreement  with 
the  previous  report  by  Ruff  for  N2F3Sb2Fn  in  SOj  solution 
and  the  melt. 
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Our  low-temperature  spectra  (-70  to  -90  °C)  in  either  BrFj 
(see  Figure  4)  or  acidified  HF  solutions  were  much  better 
resolved  than  those  obtainable  for  the  S02  solution  and  thus 
permitted  a more  accurate  determination  of  the  three  coupling 
constants.  The  A signal  consisted  of  a sharp  doublet  of 
doublets  with  JAt  « 317  Hz,  J^x  * 78  Hz,  and  a line  width 
of  about  8 Hz.  The  B signal  was  again  a doublet  of  doublets 
with  /AB  >317  HZ  and  Jgx  ”*  78  Hz,  but  with  significantly 
broader  tines  (line  width  of  about  60  Hz).  The  X signal  was 
a sharp  1:2:1  ( J > 78  Hz)  triplet  indicating  very  similar  values 
of  Jax  and  /ax-  Our  observed  coupling  constants  significantly 
differ  from  those  (JA1  - 379  Hz,^  - 81  Hz,Jtx  ° 45  Hz) 
previously  reported2  for  a poorly  resolved  spectrum. 

Assignment  of  ABX  to  the  three  fluorines  in  N2F3'*'  can  be 
made  based  on  the  following  arguments.  The  two  nitrogen 
atoms  in  N2F3+  are  not  equivalent.  The  one  possessing  only 
one  fluorine  ligand  is  centered  in  an  electrically  less  symmetric 
field  thus  making  UN  quadrupole  relaxation  more  effective 
and  causing  line  broadening.  Consequently,  the  broadened 
B signal  is  assigned  to  the  unique  fluorine.  Since  for  the  related 
FN— NF,  CF2=«NF,  and  substituted  fluoroethylenes  the  cis 
coupling  constants  were  found  to  be  always  significantly 
smaller  than  the  trans  ones,21  A (JAB  >317  Hz)  should  be 
trans  and  X (/Bx  * 78  Hz)  should  be  cis  with  respect  to  B. 
The  resulting  structure  is  shown  in  Figure  4.  The  observed 
coupling  constants  are  similar  to  those  observed  for  cis 
FN=NF  (J  * 99  Hz)  and  trans  FN—NF  ( J - 322  Hz).21 

X-ray  Powder  Data.  The  X-ray  powder  patterns  of 
N2F3AsF6  and  N2F3SbFt  are  given  as  supplementary  material. 
Young  and  Moy  have  reported1  the  three  strongest  lines  for 
N2F3AsF6  and  stated  that  the  pattern  can  be  indexed  for  a 
cubic  unit  cell  with  a - 10.8  A.  Although  our  data  confirm 
the  three  previously  reported  lines,1  our  observed  pattern 
cannot  be  indexed  based  on  the  previously  given  unit-cell 
dimensions.  In  view  of  the  nonspherical  geometry  of  N2F3+, 
a relatively  small  cubic  unit  cell  would  be  very  surprising  for 
N2F3AsF6. 
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The  ESR  spectra  of  the  uNFj+-  and  13NFj+-  radical  cations  were  observed  over  the  temperature  range  15-340  K.  The 
radical  cations  were  generated  either  by  y irradiation  of  NF4*  salts  or  by  low-temperature  UV  photolysis  of  NF3-F2-Lewis 
acid  mixtures.  For  NF3+-,  two  different  types  of  spectra  were  observed.  At  the  lower  temperatures,  a highly  anisotropic 
spectrum  was  obtained  which  is  attributed  to  a rigid  radical.  At  the  higher  temperatures,  a more  isotropic  spectrum  was 
observed  which  is  attributed  to  NF/-  of  axial  symmetry.  An  analysis  of  the  observed  spectra  was  carried  out  and  was 
supported  by  computer  simulations  and  the  observed  l3N  isotopic  data.  It  was  found  that  the  previously  reported  value 
of  the  isotropic  fluorine  hyperfmc  splitting  is  incorrect.  The  resulting  spin  density  distributions  indicate  that  NF3+-  is  pyramidal 
but  that  within  the  isoelectronic  series  BF,\  CFy,  NF/-  the  planarity  of  the  radicals  increases  from  BFj~-  toward  NF3V 


Introduction 

Radicals  and  radical  ions  formed  from  first-row  elements 
have  been  the  subject  of  numerous  studies.  These  species 
provide  experimental  data  by  which  molecular  orbital  models 
can  be  tested  and  also  define  limits  within  which  the  properties 
of  isoelectronic  species  can  be  predicted.  Electron  spin  res- 
onance (ESR)  provides  a useful  technique  for  studying  the 
structure  of  these  radicals1  since  the  spin  distribution  in  s and 
p orbitals  can  be  determined  from  hyperfme  splittings  (hfs) 
and  limits  can  often  be  set  on  the  energies  of  excited  states 
through  the  g factors.1,2 

This  study  was  prompted  by  the  following  observations:  (i) 
During  a recent  study1  of  the  synthesis  of  NF4+  salts,  ESR 
spectra  were  obtained  which  were  substantially  different  from 
those  previously  reported.4  The  radicals  exhibiting  these 
spectra  were  stable  up  to  250  K,  depending  upon  the  particular 
anion.  The  ESR  spectra  recorded  at  these  higher  temperatures 
could  not  be  reconciled  with  the  parameters  previously  given 
by  Mishra  et  al.4  (ii)  On  the  basis  of  the  known  isotropic 
fluorine  hyperflne  splittings  (<zp(iso))  of  isoelectronic  BF,  ‘ 
(17.8  mT)s  and  CFj  (14.35  mT),M0  the  value  of  16.7  mT 
previously  reported4  of  NF3+-  appeared  to  be  much  too  high 
if  a monotonic  trend  in  the  values  for  aF(iso)  is  assumed  for 
the  isoelectronic  series.  Since  the  values  of  the  hyperfme 
splittings  can  be  used  to  determine  the  structure  of  these 
radicals,  a reexamination  of  the  previously  given4  analysis  of 
the  ESR  spectra  seemed  necessary.  For  this  purpose,  it  was 
also  found  necessary  to  study  the  isotopically  Labeled  I5NF3+< 
to  permit  unambiguous  assignment  of  the  nitrogen  hfs. 

In  this  paper  we  report  the  ESR  spectra  of  l4NF3+-  and 
,JNF34'-,  including  a study  of  their  temperature  dependencies 
and  a revised  analysis  of  the  hyperflne  splittings. 

Experimental  Section 

Synthesis  of  l5NF4+  Salts.  The  low-temperature  UV  photolysis 
experiments  of  NFj-F2-Lewii  acid  mixtures  were  carried  out  in  quartz 
containers  as  previously  described.3  The  l5NF3  used  in  some  of  these 
experiments  was  prepared  by  glow  discharge  of 15N2  (99%  13N,  Stohler 
Isotope  Chemicals)  and  F2  (Rocketdyne)  mixtures  according  to  the 
method  of  Maya.’ 1 The  samples  of  NF4BF4  and  NF4AsF4  used  for 
the  44Co  7-irradiation  experiments  were  prepared  by  low-temperature 
UV  photolysis  in  a quartz  reactor  using  a previously  dcacribed12 
method.  The  sample*  of  NF4*  antimonates  were  prepared  by  heating 
mixtures  of  NF3,  F2,  and  SbF,  at  elevated  pressures  in  a Monel 
cylinder.13  These  salts  were  recrystallized  from  anhydrous  HF  to 
remove  residual  Mood  salt  impurities. 

7 Lrradatiea.  NF4*  salts  were  transferred  in  a dry  nitrogen  at- 
mosphere into  4-mm  o.d.  quartz  tubes  (J.  F.  Scanlon  Co.,  Solvang, 
Calif.)  which  were  flame-sealed  under  vacuum.  Typically,  samples 
of  100  mg  of  l4NF44  salts  were  used  while  only  15-mg  samples  of 
l5NF4+  salts  were  available.  Samples  were  exposed  to  “Co  7 ir- 

•To  whom  cormpomhue*  should  be  addressed  at  Rockwell  iMe?  national 
Science  Center. 


radiation  at  77  K,  using  a flux  rate  of  4 x 103  R h"1.  Samples  of 
the  l4NF4+  salts  were  exposed  between  15  and  24  h,  while  the  sample 
of  the  isNF4*  salt  was  exposed  for  40  h.  Samples  were  annealed  in 
dry  ice  (195  K)  prior  to  recording  their  ESR  signals.  The  NFj+-  signal 
intensity  did  not  decrease  even  when  the  samples  were  stored  at  195 
K for  several  months. 

UV  Experiments.  The  conditions  used  for  the  UV  photolyscs  have 
previously  been  described.1 

ESR  Spectra.  ESR  spectra  were  recorded  using  a computer- 
controlled  ESR  spectrometer  previously  described.14  The  spectrometer 
operated  at  9.303  GHz  with  a TE)M  rectangular  dual  cavity  and  an 
LTD-3- 1 10  (Air  Products)  Helitran  temperature  controller.  A 15-in. 
magnet  was  used  with  the  spectrometer.  Signal  averaging  combined 
with  programs  for  smoothing  spectra  and  removal  of  background 
signals  was  used  to  record  weak  spectra . Intense  spectra  were  recorded 
using  standard  duel  cavity  technique*.  The  magnetic  field  standard 
was  Mn14.11  Values  of  the  magnetic  parameters  were  aM.  « 8.673 
± 0.003  mT  (I  T - 104  Oe)  and  g • 2.00095  * 0.00005.“  Field 
positions  were  computed  to  third  order.  Spectra  were  recorded  between 
15  and  340  K. 

Simulation*  of  ESR  Sgactra.  Simulations  of  the  ESR  spectra  of 
powders  were  carried  out  using  a program  developed  by  White  and 
Bel  ford  based  on  the  method  of  Pilbrow  and  Winfield17  and  modified 
by  Chastcen.11  The  program  computes  second-order  shifts  of  one 
nucleus  and  permits  the  hyperfme  axis  of  that  nucleus  to  be  nonparaUcS 
to  the  remainder  of  the  hyperfme  axes.  It  also  allow*  anisotropic  liae 
widths  to  be  used  in  the  calculation.  The  program  was  further  modified 
in  our  laboratory  to  include  second-order  splittings  from  one  equivalent 
set  of  nuclei. 

Results 

ESR  Spectra.  During  a recent  ESR  study3  of  the  UV 
photolysis  of  mixtures  of  NFj,  F2,  and  BFj  or  AsF5,  spectra 
similar  to  that  shown  in  Figure  la  were  observed  at  ca.  77  K. 
However,  as  shown  in  Figure  1 of  ref  3,  these  spectra  were 
very  poorly  resolved.  These  spectra,  which  were  attributed 
to  a immobile  NF3+-  radical  cation  in  a matrix,  are  expected 
to  exhibit  unique  features  (singularities)  which  correspond  to 
the  orientation  of  the  threefold  symmetry  axis  of  the  radical 
along  directions  parallel  and  perpendicular  to  the  applied 
magnetic  field.  However,  only  the  parallel  component  of  the 
spectrum  is  clearly  identifiable. 

Upon  warming  of  the  UV-photolyzed  mixture,  the  spectra 
began  to  change.  The  thermal  stability  of  the  observed  ESR 
signals  strongly  depended  upon  the  Lewis  acid  used.  For  AsFs 
the  ESR  signal  became  more  intense  about  1 30  K and  ap- 
peared to  be  more  isotropic.  At  180  K,  the  signal  started  to 
lose  intensity,  and  it  decayed  rapidly  at  230  K.  This  low  of 
signal  intensity  can  be  attributed  to  the  disappearance  of  the 
condensed  AsF}  phase.  However,  a relatively  weak  residual 
signal  remained  above  230  K which  can  be  attributed  to  N En- 
trapped in  the  solid  NF4AsFt  formed  during  the  UV  photolysis. 
For  the  more  volatile  BF},  the  change  from  the  anisotropic 
low-temperature  spectrum  to  the  more  isotropic  higher 
temperature  one  occurred  at  about  1 17  K.  At  140  K,  the 
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Flfwt  1.  (a)  ESR  spectrum  of  l4NF3+-  at  26  K in  NF4A*F4  y 
irradiated  at  77  K after  annealing  at  195  K.  (b)  Stick  plots  of  the 
line  positions  to  first  order,  assuming  parallel  F-atom  tensors  with 
the  C*,  axis  of  the  radical  aligned  parallel  to  the  applied  field,  (c) 
Stick  plot  to  second  order  of  the  line  positions  of  the  radical  with  its 
Cj,  axis  perpendicular  to  the  applied  field  (our  analysis),  (d)  Stick 
plot  to  accond  order  under  conditions  of  (c)  using  the  previously 
reported  assignment.  See  discussion  of  (c)  and  (d)  in  text. 


NFj+-  signal  was  completely  lost.  Although  the  more  isotropic 
spectra  observed  for  the  NF3-F2-AsF5  and  NF3-F2-BF3 
systems  exhibited  broad  lines,  it  became  evident  that  they  could 
not  be  interpreted  in  terms  of  the  parameters  previously  as- 
signed to  N Fj+*. 

In  order  to  resolve  these  disparities,  the  temperature  de- 
pendence of  the  ESR  spectra  of  the  y-irradiated  salts  of  NF«+ 
was  investigated.  Salts  used  in  this  study  were  NF4BF4, 
NF4AsF6,  NF4SbF4,  and  NF4SbF6-0.8SbFs,  ail  of  which  gave 
similar  spectra  after  y irradiation  at  77  K,  followed  by  an- 
nealing at  195  K in  solid  C02.  Contrary  to  Mishra,4  no 
problem  was  encountered  in  generating  NF3+-  by  y irradiation 
of  NF4BF4.  Prior  to  annealing,  residual  signals  were  observed 
on  either  side  of  the  NF3+-  resonance,  in  addition  to  an  intense 
sharp  line  at  g * 2.  The  origin  of  these  signals,  which  may 
have  been  due  to  the  anion,4  was  not  investigated.  The  an- 
nealed samples  exhibited  different  spectra  at  high  and  low 
temperatures.  The  low-temperature  spectrum,  observed 
between  10  and  140  K,  was  similar  to  that  previously  at- 
tributed to  NFj+-,4  and  is  shown  in  Figure  1 for  irradiated 
NF4AsFt  at  26  K.  Other  salts  gave  similar  spectra,  except 
that  the  lines  exhibited  a shoulder  to  the  high  field  side  of  the 
main  resonance.  The  line  width  of  the  spectrum  increased 
slightly  with  longer  irradiation  times  but  was  independent  of 
temperature.  Reducing  the  amount  of  NF3+*  by  warming  the 
sample  resulted  in  a narrower  line.  These  observations  suggest 
that  dipolar  interactions  occurred  between  nearby  defect  sites. 
There  is  one  difference  between  our  spectra  and  that  observed 
by  Mishra  et  a!.;4  even  in  the  more  dilute  solutions,  we  were 
unable  to  resolve  some  of  the  features  which  were  attributed 
to  the  alignment  of  the  Cj.  axis  of  the  radical  perpendicular 


Goldberg  et  ai. 


mm 


HVCNDICUUR 


Figure  2.  (a)  ESR  spectrum  of  ,JNF3+-  at  24  K in  1JNF4AsF4  y 
irradiated  at  77  K after  annealing  at  195  K.  (b)  Stick  plots  of  the 
line  positions  for  the  axis  of  the  radical  aligned  parallel  and 
perpendicular  to  the  applied  field,  assuming  parallel  fluorine  hfs  tensors. 


to  the  magnetic  field.  We  did,  however,  observe  .houlders  at 
these  positions. 

As  the  temperature  of  the  arsenate  and  antimonate  salts  is 
increased  to  the  range  140  and  235  K,  the  low-temperature 
spectrum  collapses  and  then  forms  a sharper  one  with  a 
narrower  span.  This  spectrum  is  independent  of  temperature 
between  240  and  340  K,  where  decomposition  begins,  and  is 
shown  in  Figure  3 for  irradiated  NF4AsF4  at  240  K.  The 
lifetime  of  the  species  at  room  temperature  is  about  2 weeks 
but  decreases  to  about  10  min  at  340  K.  Similar  spectra  were 
observed  for  the  irradiated  borate  salts  between  about  270  and 
320  K. 

In  order  to  be  certain  that  the  spectra  reported  here  are  due 
to  NF3\  isotopically  pure  l5NF4AsF6  and  l5NF4BF4  were 
prepared.  The  signal  observed  for  the  irradiated  salts  exhibited 
the  same  temperature  dependence  as  those  obtained  for  i4NF4+ 
salts.  However,  since  only  ca.  15  mg  of  13NF4+  salts  was 
prepared,  longer  irradiation  times  had  to  be  used  resulting  in 
slightly  broadened  lines.  The  low-temperature  spectrum  of 
t5NF3+-  in  l5NF4AsF4  is  shown  in  Figure  2,  where  the  l4N 
triplets  are  replaced  by  ,5N  doublets.  The  high-temperature 
l5NF34  - spectrum  is  shown  in  Figure  4 and  is  analogous  to  the 
high-temperature  ,4NF3+-  spectrum. 

Discussion 

Low-Temperature  Spectra  of  14NF3+’.  Several  unusual 
features  become  apparent  upon  close  inspection  of  the  NF3+* 
spectra  at  low  temperatures.  Most  significantly,  the  distinct, 
intense  features  of  the  spectra  must  be  assigned  to  the  radical 
with  its  threefold  symmetry  (C&)  axis  aligned  parallel  to  the 
applied  magnetic  field.  Generally,  however,  the  meet  intense 
features  of  the  spectra  of  axially  symmetric  radicals  in  powders 
are  assigned  to  the  orientation  in  which  the  symmetry  axis  is 
perpendicular  to  the  applied  field.11'20  Since  no  such  features 
are  observed  here,  it  is  clear  that  this  spectrum  cannot  be 
treated  in  the  conventional  manner  used  for  axial  or  nearly 
axial  symmetry. 

A second  feature  is  that  the  positions  of  the  lines  in  the 
spectrum  that  correspond  to  the  j|  orientation  do  not  fall  into 
the  positions  calculated  from  the  hypsrfinc  splittings  (hfs) 
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Table  I.  Hyperfine  Splittings*  of  l4NF/  and  “NF,*  at  High  and  Low  Temperatuxea 


( 


,4nf;  “nf; 


26  K 

240  K 

24  K 

240  K 

ay(l) 

30.8* 

2.00  t 0.25 

30.6* 

2.40  * 0.25 

«fU) 

<-)3.3* 

12.48  * 0.05 

(-)3.8C 

11.97*0.05 

«N<» 

11.49*  0.20 

8.70*  0.25 

-16.08  t 0.20 

-12.20*  0.25* 

7.8  t 0.5 

9.36  * 0.05 

-10.6*  1.0 

-13.03  * 0.05* 

ap(iso) 

8.1 

8.99*  0.14 

7.7 

8.78  * 0.14 

aN(iio) 

9.0 

9.14*  0.14 

-12.4 

-12.75  * 0.14 

#(«) 

2.003  * 0.002 

2.0073*0.0010 

2.003  ± 0.002 

2.0079  ± 0.0012 

lU) 

2.006  ± 0.002 

2.0040  * 0.0007 

2.005  ± 0.002 

2.0047  * 0.0007 

gflso) 

2.005  ± 0.002 

2.0051  * 0.0007 

2.005  t 0.002 

2.0058  * 0.0009 

a Hyperfine  splittings  are  in  mT  (1  mT  = 10  Oe).  b The  sign  of  the  l4N  hfs  it  assumed  to  be  positive;  thus  “N  hft  are  negative  by  virtue  i » 
their  nuclear  momenta.  * These  are  effective  values  based  on  supposed  axial  symmetry  for  individual  tensors;  «jK*)  - 30.8  mT  andajrfx)  = 
fllKy)  ~ 3.3  mT  (see  text). 
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Figure  3.  (a)  ESR  spectra  of  ,4NF,+-  at  242  K in  NF<AsF*  7 ir- 
radiated at  77  K.  (b)  Computer  simulation  of  spectrum  assuming 
axial  symmetry  and  the  parameters  given  in  Tabic  I. 

which  arc  given  in  Table  I.  These  values  arc  calculated  from 
the  extrema  of  the  spectrum.  For  a system  which  exhibits  a 
large  hfs  with  axial  symmetry,  the  field  positions  in  which  the 
unique  axis  is  parallel  to  the  magnetic  field,  HtjJ, ||),  is  given 
by  cq  1 to  second  order,21  where  g(j|),  g{  1 ),  o{||),  and  a(  1 ) 

I)  *=  Wodl)  - a(||)3/,  - 

u(X)2U<X)/g(ll)]2 

2[//0(||)  - oOD/tf,] 


[/(/  + 1)  - Af/J]  (1) 


are  the  parallel  and  perpendicular  g factors  and  hfs,  re- 
spectively, tfo(||)  is  given  by  Av/gdlW  1 is  the  total  nuclear 
spin,  and  M,  is  the  component  of  spin  parallel  to  the  magnetic 
field.  The  analogous  equation  for  H,j/  _L ) is  given  by  eq  2, 21 

UIlm 

4[//0(l)-o(l)A/,]  W ° Ml]{Z) 

where  H0(±)  is  given  by  hi>/g( l)pB.  Field  positions  are 
pldttod  on  the  same  field  axis  under  the  spectrum  in  Figure 
lb,  for  the  molecule  oriented  ||  and  X to  the  field.  Sec- 
ond-order shifts  are  only  significant  for  NF3+-  when  the  field 
is  X to  the  Cfe  axis  of  the  radical.  Note  that  for  the  ||  ori- 
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Figure  4.  (a)  ESR  spectra  of  i5NFj+-  at  235  K in  ,5NF«AsF«  7 
irradiated  at  77  K.  (b)  Computer  simulation  of  spectrum  assuming 
axial  symmetry  and  parameters  given  in  Table  1. 

entation,  while  the  lines  corresponding  to  M/i?)  m +J/j  and 
-3/ 2 agree  with  the  calculated  positions,  the  lines  corresponding 
to  A//(F)  * +7j  and  -*/2  arc  shifted  away  from  the  center 
of  the  spectrum. 

A final  complication  in  the  interpretation  of  this  spectrum 
is  that  there  are  several  extra  lines  present  which  cannot  be 
explained  in  the  conventional  analysis  assuming  axial  sym- 
metry. Similar  features  were  observed  in  spectra  of  CFy  which 
were  explained9,10  by  the  fact  that,  while  the  hyperfine  tensors 
of  each  of  the  fluorine  atoms  are  equivalent,  they  are  not 
mutually  parallel.  This  causes  the  axial  component  of  the 
tensor  to  be  at  an  angle  of  1 8°  with  respect  to  the  C*,  sym- 
metry axis.9  As  a result,  singularities  in  the  spectrum  appear 
which  correspond  to  orientations  of  the  radical  with  respect 
to  the  applied  field  which  are  other  than  parallel  or  per- 
pendicular. 

In  the  spectrum  of  CF}>,  there  are  sets  of  lines  which 
correspond  to  either  the  parallel  or  the  perpendicular  orien- 
tation. However,  these  d not  occut  in  the  positions  expected 
from  the  values  of  the  hfs.  Because  %{||)  > o^X).  the  lines 
|A//<F)|  ■ }/2  which  correspond  to  parallel  alignment  are 
shifted  closer  to  the  center  of  the  spectrum,  while  those  of 


jA//(F)|  * '/ 2 arc  shifted  away  from  the  center.  Shifts  in 
opposite  directions  occur  for  the  lines  which  correspond  to  the 
perpendicular  orientation.  The  effective  value,  oF(]|).  is  'hen 
given  by  eq  3,  where  ax  ■ ay  and  a,  are  the  principal  values 
of  the  hyperfine  tensor. 

nF2(||)  « <j,2  cos2  a + ax2  sin2  a (3) 

The  spectrum  of  N F3+*  is  more  complicated  because  of  the 
added  anisotropy  of  the  14N  hfs.  Here  the  nitrogen  hyperfine 
tensor  will  determine  the  positions  of  the  singularities  of  the 
spectrum.  As  a result,  the  treatment  given  by  Maruani  et  al.9  >0 
for  CFj-  needs  to  be  modified.  We  report  here,  effective  values 
for  the  hyperfine  tensor,  determined  from  the  extrema  of  the 
spectra.  In  units  of  mT,  Mil)  * 30.8,  cF(J.)  = 3.3,  aN(||) 
* 1 1.49,  and  aN(  _L)  * 7.8.  In  contrast,  Mishra  ct  al.4  report 
Ml!)  = 30.0,  afU)  = 10.0,  aN(||)  = 1 1.5,  and  aN(  J.)  = 9.0. 
The  stick  plot  representing  this  analysis  is  shown  in  Figure  1 b,c 
for  the  parallel  and  perpendicular  orientations,  respectively. 
The  analysis  of  the  parallel  orientation  is  in  agreement  v'i*h 
the  previous4  assignment;  however,  there  is  substantial  dif- 
ference between  our  analysis  of  the  perpendicular  orientation 
and  the  previous  one,4  shown  in  Figure  Id.  The  analysis  of 
the  perpendicular  components  depends  upon  which  features 
are  selected.  Since  these  features  arc  buried  within  the 
spectrum  and  since  extra  lines  appear,  this  assignment  is  indeed 
difficult.  However,  because  of  the  large  value  of  Mil).  there 
are  downficld  shifts  of  1-5  mT  due  to  second-order  effects. 
Therefore,  the  features  corresponding  to  the  perpendicular 
orientation  arc  those  which  arc  asymmetric  with  respect  to  the 
center  of  the  spectrum,  after  allowing  for  the  second-order 
splittings  of  the  |A//(F)!  = l/2  lines.  Furthermore,  the  features 
that  we  have  selected  are  consistent  with  the  analyses  of 
high -temperature  spectra  as  well  as  those  derived  from  the 
,sNFj+*  spectra. 

Low-Temperature  Spectra  of  l5NF,+.  In  order  to  confirm 
the  analysis  of  the  l4N  F3+*  spectra,  samples  of  isotopically  pure 
i5NF4+  salts  were  prepared.  Since  only  15  mg  of  sample  was 
available,  long  irradiation  times  were  used  to  get  a sufficiently 
strong  signal.  This  resulted  in  some  line  broadening.  Nev- 
ertheless, because  the  spectra  arc  less  complicated,  some 
features  of  the  _L  orientation  can  be  observed.  The  result  of 
the  analysis  is  given  in  Table  I.  Within  experimental  error, 
the  lluorine  hfs  are  equivalent  for  14NF3+>  and  15NF3+.,  while 
their  nitrogen  hfs  arc  in  the  ratio  of  their  nuclear  magnciogyric 
ratios  (-1.403).  The  observed  spectrum  and  a stick-plot  of 
the  analysis  are  shown  in  Figure  2.  Note  also  that  the 
spectrum  exhibits  anomalies  similar  to  those  discussed  for 

,4nf,+.. 

High-Temperature  Spectra  of  l4NF3+\  The  high-temper- 
ature spectrum  of  l4NF3+*  shown  in  Figure  3 can  be  interpreted 
in  terms  of  an  axially  symmetric  radical  containing  three  nuclei 
of  / * 'h  and  one  nucleus  of  / ■ 1 . A unique  feature  of  this 
spectrum  is  that  the  hfs  for  the  parallel  orientation  arc  smaller 
than  those  of  the  _L  orientation.  However,  as  discussed  earlier, 
the  features  representing  the  _L  orientation  are  considerably 
stronger  than  those  of  the  ||  orientation.  As  a result,  the 
features  of  *he  parallel  orientation  in  the  middle  of  the  spectra 
are  masked,  and  they  can  only  be  determined  by  computer 
simulation.  For  14NF3+-  in  NF4AsFt,  the  spectrum  is  in- 
terpreted in  terms  of  a nitrogen  nucleus  (/  = 1)  and  three 
equivalent  fluorine  nuclei  (/  * '/2).  The  hyperfine  splittings 
are,  in  mT,  aN(  1 ) * 9.36,  aN(||)  * 8.70,  <tF(  1 ) = 1 2.48,  anu 
aF(||)  = 2.00.  These  values  arc  independent  of  temperature 
between  235  and  340  K. 

High-Temperature  Spectra  of  15NF,+-.  In  order  to  confirm 
the  assignment  of  the  ,4NF3+>  spectra,  spectra  of  a y-irradiated 
sample  of  i5NF4AsF4  were  obtained  (Figure  4).  These  spectra 
can  be  analyzed  in  terms  of  one  ,5N  atom  (/  * 7j)  and  three 
equivalent  ’’F  atoms  (/  * 7j)-  The  hyperfine  splittings  arc 


given  in  Table  I.  The  15NF3+-containing  samples  exhibited 
the  same  thermal  stability  as  the  l4NF3+-containing  samples 
described  above. 

Comparison  of  High-  and  Low-Temperature  Spectra.  The 
g factors  and  hyperfine  splittings  of  the  different  NF3+-  ESR 
spectra  are  given  in  Table  I.  That  they  are  all  due  to  NF3+* 
is  established  by  the  following  observations:  spectra  of  the 
irradiated  >4N  and  1SN  salts  contain  nuclei  of  the  correct  spins 
and  numbers;  fluorine  atom  hfs  of  i4NF3+-  and  l5NF3+*  arc 
equal  at  high  and  low  temperatures,  respectively,  while  the 
respective  N-atom  hfs  are  in  the  correct  ratio  of  their  nuclear 
moments;  high-temperature  spectra  reversibly  change  into  the 
low-temperature  spectra,  which  are  less  intense;  computed 
values  of  the  isotropic  hfs  are  the  same  in  high-  and  low- 
temperature  spectra,  provided  that  the  sign  of  M-L)  at  low 
temperature  is  taken  as  negative. 

The  reason  for  the  difference  between  the  high-temperature 
and  the  low-temperature  spectra  is  probably  due  to  tem- 
perature-dependent rotation  of  NF3+*  about  a single  axis. 
Spectra  of  OF3-  in  a 1:30  CF31/Kr  matrix  change  from  one 
characteristic  of  a stationary  radical  to  one  characteristic  of 
a freely  rotating  radical,  as  the  temperature  is  increased  from 
4.2  to  35  K.10  Examples  in  which  similar  changes  occur 
between  77  and  300  K include  NH3+-  and  ND3+-  in  their 
respective  ammonium  perchlorates22  and  PFS  - in  KPF6.21,24 
The  averaging  processes  for  NH3+-  and  ND3+-,22  as  well  as 
PFj'-,24  were  attributed  to  rotations  of  these  radical  ions. 

As  the  temperature  of  the  NF3+*-containing  samples  is 
increased,  the  spectra  change  between  two  different  aniso- 
tropies. At  low  temperatures,  the  spectra  are  indicative  of 
motionless  NF3+*,  while  at  high  temperatures,  the  spectra  arc 
indicative  of  uniaxial  rotation.  Most  likely,  this  rotation  occurs 
about  an  axis  close  to  that  of  its  minimum  moment  of  inertia 
and  is  probably  accompanied  by  some  libration.  Preliminary 
X-ray  studies26  on  NF4BF4  show  that  the  lattice  is  tetragonal, 
which  may  provide  a preferential  direction  for  rotation  of  the 
smaller  NF}+-  cation.  Since  this  radical  should  be  in  its 
minimum  energy  configuration,  significant  deviations  from  the 
energetically  favored  pyramidal  structure  arc  extremely 
unlikely.  Also,  there  arc  no  phase  changes  of  the  lattice 
between  100  K and  room  temperature  as  indicated  by  Raman 
spectroscopy.25  Inversion  of  the  radical  about  the  nitrogen 
would  be  expected  to  result  in  more  nearly  complete  averaging. 

Supporting  evidence  for  rotation  of  NF34<  is  provided  by 
the  fact  that  the  M±)  values  observed  for  i4NF3+-  and 
15NF3+>  are  not  identical.  Since  NF}+-  has  a pyramidal 
structure  (see  below),  the  moments  of  inertia  of  l4NF3+*  and 
15NF3+-  must  be  different.  This  causes  their  rotational  axes 
to  be  different,  resulting  in  different  M±)  values. 

UV-photoiyzed  mixtures  of  NF3,  BF3,  and  Lewis  acid  at 
low  temperatures  exhibited  spectra  which  were  similar  to  that 
of  Figure  1 , except  that  the  lines  were  broader.  The  line  width 
increased  slightly  with  longer  photolysis,  while  the  intensity 
increased.  The  higher  temperature  spectra  (sec  for  example 
Figure  5)  can  be  interpreted  in  terms  of  the  hyperfine  pa- 
rameters of  the  N F3+*  spectra  observed  for  the  y-irradiated 
salts  (see  Figure  3),  although  the  line  widths  are  quite  different. 
For  the  photolyzed  samples,  the  transition  between  the  low 
and  higher  temperature  spectra  occurred  at  much  lower 
temperatures  than  the  y-irradiated  salts  and  the  thermal 
stability  of  the  radical  depended  upon  the  volatility  of  the 
Lewis  acid  used  (see  Results  section).  This  suggests  that  these 
radicals  are  associated  with  solid  AsF5  or  BF3.  The  weaker 
residual  signals  observed  after  complete  evapora.ion  of  the 
NF}-F;-Lewts  acid  condensed  phases  are  similar  to  those  in 
the  y-irradiated  N F4*-  salts.  This  suggests  that  they  are  due 
to  NF3+*  trapped  in  small  amounts  of  NF4+.  salts  formed 
during  the  photolysis. 
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Figure  5.  ESR  spectrum  of  the  NF,+-  radial  at  163  K produced  by 
UV  photolysis  of  a mixture  of  NF3-F2-AsFs  (1:4:1)  at  77  K. 
Comparison  with  Figure  la  shows  that  the  six  intense  lines  of  the 
spectra  are  broadened  into  four  overlapping  lines,  with  the  wings  not 
resolved. 

Table  tf.  Comparison  of  Hyperfine  Couplings  of  Radicals  XF, 


Used  in  Table  III 

“NF,*® 

,aCF,-  and 
‘■CF,- 

“BF,  ■i> 

uNF,Oc 

“xU) 

7.8d 

24.7^ 

«xC) 

11. 49* 

31.8^ 

«rU> 

(~)3.3d 

8.4* 

v> 

30. 8** 

26.4* 

dptiso) 

8.98* 

14.25h 

17.8 

14.34 

9.14* 

27.15h 

15.3 

9.39 

g(iio) 

2.0051* 

2.0031h 

2.0021 

10058 

* This  work. 

b Reference  5.  e References  27  and  28.  d Taken 

from  low-temperature  spectra.  * Token  from  high-temperature 

*>cctr*.  r Reference  29. 

g Reference  9. 

n Reference  6. 

table  1U.  Spin  Dcniities  on  the  Central  Atom  and  Fluorine 

Atoms  of  NF*- 

Compared  to  Those  of  Related  Radicals 

radical 

pxVX) 

PxP(X) 

PF* 

tr(iso) 

BF/- 

0.212 

0.0104 

2.0021 

CF, 

0.245 

0.717 

0.0084 

2.0029 

NF,*- 

0.166 

0.687 

0.0053 

2.0051 

NF,0- 

0.170 

0.0084 

2.0058 

NF,- 

0.030 

0.956 

0.0052 

2.0044 

° Spin  densities  calculated  from  the  data  in  Table  II,  assuming 
that  atomic  isotropic  hyperfine  couplings  a1  in  mT  are  72.1  for  8, 

11 1.0  for  C,  55.0  for  N,  and  17100  for  F,  and  the  atomic  aniso- 
tropic couplings  b°  are  3.24  for  C and  1 .71  for  N.  (See  ref  30.) 

Structures  of  NF}+-.  ESR  data  for  N F3+-  and  isoelcctronic 
species  arc  compared  in  Table  II.  Since  the  tensors  of  the 
fluorine  hfs  need  not  be  exactly  axially  symmetric,  we  averaged 
those  in  the  CFj-  radical9  to  yield  an  effective  value  to  be 
compared  with  that  of  NFjV  The  spin  densities  on  the  s and 
p orbitals,  p'  and  p,f,  respectively,  of  the  central  atom,  given 
in  Table  111,  were  calculated  by  eq  4 and  S,  where  a,  and  b\ 

Pi*  » <Ji(iso)/ai°  (4) 

Pip  * (<»i(ll)  " ai(iso))/2i>i0  (5) 

are  the  isotropic  and  anisotropic  hfs  of  an  electron  in  the  s and 
p orbitals  of  atom  i,  and  Oj(iso)  is  the  calculated  isotropic  hfs. 
For  BFj'*,  no  experimental  anisotropic  hfs  were  available,  and 
values  calculated  from  ref  31  had  to  be  used. 

The  values  of  pN*  for  NF3+-  and  NF20  arc  nearly  the  same, 
as  expected  from  the  isoelectronic  character  of  the  -F«  and 
6 substituents.  Although  the  p‘  values  for  the  scries  NF,\ 
(jl-y,  and  BFj  • do  not  follow  a monotonic  trend,  without  a 
measured  value  for  the  anistropic  boron  hfs,  the  hybridization 
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cannot  be  accurately  determined.  The  value  of  pf/p*  for  CFj* 
is  2.9,  while  that  of  NF3+*  is  4.1.  This  suggests  that  the  free 
electron  in  NF3+*  has  more  p character  than  that  in  CF3*.  This 
in  turn  suggests  that  the  hybridization  of  the  XF  bonds  in  CFy 
is  nearly  sp3  but  that  in  NFj+*  is  between  sp3  and  sp2.  This 
in  turn  indicates  that  NF3  • is  more  planar  than  CF3*  in 
contrast  to  the  conclusion  of  Mishra  et  al.4  This  is  further 
supported  by  the  fact  that  the  observed  anisotropy  in  the 
fluorine  hfs  is  greater  for  NF}+*  than  for  CF3*.  Recent 
theoretical  calculations31  based  on  the  isotropic  hfs  of  BF3"-, 
CF}>,  and  NF3+>  also  indicate  that  the  planarity  increases  from 
BFj  - toward  NF3+*. 

The  same  conclusions  arc  reached  if  the  values  of  <i|0  and 
bi°  reported  by  Hurd  and  Coodin32  are  used.  These  values 
are  approximately  1 5%  larger  than  those  used  here,  so  that 
smaller  spin  densities  are  computed.  Although  these  absolute 
values  appear  more  realistic,  they  leave  the  ratios  of  pp/p* 
unchanged. 

The  spin  densities  of  NF3+*.  and  NF2*  arc  also  compared 
in  Table  III.  The  spin  density  distribution  for  NF2-  is  cal- 
culated from  the  ESR  data  of  Kasai  and  Whipple,33  and  the 
data  are  consistent  with  the  isotropic  data  of  Farmer  et  al.s5 
Values  in  mT  arc  aN(||)  ” 4.9,  0n(-L)  * 0 0.  MID  * 21.2, 
and  aF(_L)  = -16.9.  In  NF2*,  the  unpaired  electron  is  pri- 
marily in  a p orbital  so  that  there  is  no  delocalization  of  the 
unpaired  electron  into  the  orbital  of  the  lone  pair  on  nitrogen. 
Thus,  the  structure  of  this  radical  is  surprisingly  different  from 
that  of  NFj4*. 

Work  is  underway  to  analyze,  in  detail,  the  hyperfine 
splittings  of  the  NF3+-  radical  and  determine  the  angle  a 
between  the  nitrogen  and  fluorine  hyperfine  tensors.  In  the 
CF3>  radical,  a was  found  to  be  17.8°. 910  Edlund  et  al.Ji 
reported  that  the  direction  of  the  hfs  was  not  perpendicular 
to  the  C-F  bond,  but  at  an  angle  of  54°  to  it.  A precise 
analysis  of  the  low-temperature  spectrum  of  NF3  • may 
substantiate  the  above  conclusions.  Since  the  NF3+-  radical 
is  slightly  more  planar, « for  NF3+-  may  be  different  from  that 
of  CFj-. 
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Abstract 

The  thermal  decomposition*  of  NF^BF^  and  NF^AsF^  were  studied  in  a sapphire 
reactor  at  different  temperatures  by  total  pressure  measurements.  It  was 
found  that  the  rates,  previously  reported  by  Solomon  and  coworkers  for 
NF^AsF^,  significantly  differ  from  those  of  the  present  Investigation, 
although  both  studies  result  In  a 3/2  reaction  order.  From  the  temperature 
dependence  of  the  observed  decomposition  rates,  the  following  values  were 
obtained  for  the  global  activation  energies,  E^p  BP  ■ 36.6  + 0.8  kcal  mol  ' 


and  E, 


.-1 


kork 


NF^AsFg  “ ^*7  — mo'  • The  suppression  of  the  decomposition 

rates  by  the  NF^,  and  BF^  or  AsF^  was  measured.  A critical  evaluation  of 
all  experimental  data  available  on  the  NF^  salt  formation  and  decomposition 
suggests  the  following  reversible  reaction  mechanism 


+ AtF5: 
NFjAsF^  + F; 


;NF**sFj 


:»F;*«F* 
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A Born-Haber  cycle  was  calculated  for  NF^BF^  and  shows  that  the  global 
decomposition  activation  energy  and  the  heat  of  the  formation  reaction 
are  Identical  within  experimental  errors  and  that  the  second  step  of 
the  above  mechanism  Is  approximately  thermochemical ly  neutral.  The  rate 
of  the  thermal  formation  of  NF^SbF^  at  250“C  was  also  studied. 


Introduction 


The  formation  and  decomposition  reactions  of  NF^  salts  are  of  significant 
theoretical  and  practical  interest.  Fran  a theoretical  point  of  view,  the 
question  arises  whether  NF^  or  NF^  are  produced  as  unstable  Intermediates.  These 
would  be  highly  unusual  because  first  row  elements  generally  do  not  form 
hypervalent  molecules.  From  a practical  point  of  view,  a better  knowledge  of 
the  formation  and  the  decomposition  mechanism  Is  necessary  In  order  to  Improve 
on  existing  synthetic  methods. 

Several  mechanisms  have  previously  been  postulated  for  the  formation  of 

4 12 

NF.  salts.  In  1966,  Christe  and  coworkers  suggested  in  their  origtnal  reports  * 
on  the  synthesis  of  MF^AsF^  by  low-temperature  glow-discharge  that  either  NF^ 
or  F+  (or  Ft)  are  generated  in  the  discharge.  These  radical  cations  could  then 

^ 4- 

react  with  either  F 2 or  NF^  to  yield  NF^.  In  1972,  Solomon  and  coworkers 
reported^  the  results  from  a kinetic  study  of  the  thermal  decomposition  of 
NF^AsFg  In  Monel.  Based  on  total  pressure  measurements,  they  concluded  that  the 
decomposition  Involved  the  equilibrium  dissociation  step 

NF^AsFg^ZZZTNFg  ♦ AsF$ 

followed  by  irreversible  decomposition  of  the  unstable  NF^  according  to; 

nf5— nf3  + F2 
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The  latter  step  was  taken  to  be  a 3/2-order  reaction.  From  the  temperature 
dependence  of  the  klnatlc  constants,  a value  of  41  kcal  mol'*  was  obtained 
for  the  sum  of  the  overall  heat  of  sublimation  and  the  activation  energy 
for  the  decomposition  of  NFC.  In  1973*  Chrlste  and  coworkers  proposed**  an 

«*  4. 

alternate  mechanism  for  the  formation  of  NF^  salts.  This  mechanism  accounted 
for  the  fact  that  NF^  salts  can  be  synthesized  by  uv-photolysls.  It  Involved 
the  following  steps. 


F + AsFj^^^AsFg 

AsF6  + NF3  . ,1, HF^AsF^ 

NF^AsF^  + F-—  --  UT'W" 


Part  of  this  mechanism  was  late;  experimentally  confirmed  by  ESR  studies'*^ 
which  showed  that  the  NF*  radical  cation  is  indeed  formed  as  intermediate 
In  both  the  low-temperature  uv-photosynthesls  and  the  X-l rradlatlon  Induced 

4. 

decomposition  of  NF^  salts. 

* + 5-7 

Since  the  observation  of  NF.  as  an  intermediate  is  Incompatible  with 
3 * 

the  mechanism  proposed  by  Solomon  and  since  at  elevated  temperatures  metal 
reactors  rapidly  absorb  F^-Lewls  acid  mixtures,  a reinvestigation  of  the 
thermal  decomposition  of  NF^AsFg  in  an  inert  sapphire  reactor  was  undertaken. 

In  particular,  a more  detailed  Investigation  of  the  suppression  effects  of  NF^, 
F2§  and  AsFj  was  expected  to  yield  valuable  Information.  Furthermore,  no 
quantitative  data  had  previously  been  available  on  the  decomposition  rates  of 
NF^BF^  and  the  formation  rates  of  NF^SbF^. 

Experimental  Section 

8 fl  q 

Thermal  Decomposition  Studies.  The  samples  of  NF^BF^  and  NF^AsF^  were 
prepared  as  previously  described  and  showed  no  dedectable  impurities.  All 
decomposition  experiments  were  carried  out  In  a sapphire  reactor  (Tyco  Co.). 

The  reactor  was  connected  by  a Swagelok  compression  fitting,  containing  a 


Teflon  front  ferrule,  to  a stainless  steel  valve  and  a pressure  transducer 
(Valldyne,  Model  0P7,  0-1000  mm  + 0.5%),  the  output  of  which  was  recorded 
on  a strip  chart.  The  reactor  had  a volume  of  38.7  ml  and  was  heated  by 
Immersion  into  a constant  temperature  (+  0,05*C)  circulating  oil  bath.  The 
reactor  was  passivated  at  250®C  with  Fj-BF^  or  m**tures  unt^  the 

pressure  remained  constant  over  a period  of  several  days,  and  weighed  amounts 

of  NF^  salts  were  added  In  the  dry  nitrogen  atmosphere  of  a glove  box.  After 
Immersion  of  the  reactor  Into  the  hot  oil  bath,  the  reactor  was  evacuated, 
and  the  pressure  change  was  monitored  as  a function  of  time.  Control 
experiments  were  carried  out  at  the  beginning  and  end  of  each  series  of 
measurements  to  ascertain  that  the  rates  had  not  significantly  changed  during 
each  series.  The  composition  of  the  gaseous  decomposition  products  was  shown 
by  chemical  analysis.  Infrared  spectroscopy,  and  gas  chromatography  to  be  1:1:1 
mixtures  of  NF^,  F2,  and  the  corresponding  Lewis  acid.  For  the  curve  fitting 
of  the  kinetic  data  the  method  of  linear  least  squares  was  used  with  the  listed 
uncertainties  being  2cof  the  calculated  slope. 

Formation  of  NF^SbF^.  Because  of  the  high  corrosivity  of  high  pressure 
NFj-F2-SbFg  mixtures  at  elevated  temperatures,  the  NFy-Fj-SbF,.  reaction  system 
could  not  be  monitored  directly  with  a pressure  transducer  or  gage.  Consequently, 
9 Identical  passivated  95  ml  Monel  cylinders  were  each  loaded  with  50  mmol  of 
SbF,.,  and  a twofold  excess  of  NF^  and  F2  was  added.  The  cylinders  were  simulta- 
neously placed  Into  an  oven  preheated  to  250*C  and  were  removed  separately  from 
the  oven  after  certain  time  Intervals.  After  cooling  the  cylinders,  all  material 
volatile  at  25*C  was  pumped  off,  and  the  amount  of  NF^  salt  formed  was  determined 
by  the  observed  weight  Increase  and  spectroscopic  analyses. 

Re s u Its  and  Discussion 


Thermal  Decomposition  of  NF^BF^  and  NF^AsFg.  The  thermal  decomposition  of 
NF^BF^  and  NF^ASF^  In  a constant  volume  reactor mbs  studied  by  total  pressure 
measurements  over  a temperature  range  of  about  35"C  for  each  compound.  Since 
screening  experiments  had  shown  that  even  well  passivated  nickel  or  Monel  reactors 
rapidly  reacted  with  mixtures  of  hot  F^  and  BFj  or  AsF^,  a sapphire  reactor  was 


used.  This  reactor  was  found  to  be  completely  Inert  toward  these  gas  mixtures 
over  extended  time  periods.  Furthermore,  It  was  found  that  the  decomposition 
rates  Increased  with  Increasing  sample  size.  However,  the  rates  did  not  Increase 
linearly  with  the  sample  size  because  the  Increased  pressure  enhances  the 
suppression  of  the  rates  (see  below).  In  order  to  minimize  the  effect  of 
changes  In  the  sample  size  during  a given  series  of  experiments,  the  largest 
feasible  samples  and  the  smallest  available  reactor  volume  were  used.  In 
this  manner,  only  a small  percentage  of  the  sample  was  decomposed  In  a given 
series  of  experiments.  The  first  and  the  last  experiment  of  each  series  were 
carried  out  under  Identical  conditions  and  showed  that  the  change  In  rate  due 
to  the  small,  but  Inevitable,  sample  size  change  was  Indeed  negligible. 


The  results  of  our  measurements  on  NF^BF^  and  NF^AsFg  are  summarized  In 
Tables  1 and  2.  In  agreement  with  the  previous  report^  on  the  thermal  decomposition 
of  NF^AsFg,  smooth  decomposition  curves  were  obtained.  The  decomposition  rates 
steadily  decreased  with  increasing  pressure  In  the  reactor  and  the  Initial  rates 
were  restored  upon  evacuation  of  the  reactor.  Indicating  that  the  decomposition 
products  suppress  the  decomposition  rates.  This  was  confirmed  by  studying  the 
Influence  of  different  gases  on  the  decomposition  rates  of  NF^BF^  and  of  NF^AsF^. 

The  addition  of  He  did  not  noticeably  influence  the  rates,  whereas  F^  and  NF^ 
resulted  In  « weak  suppression.  However,  the  addition  of  BF^  to  NF^BF^  or  of 
AsFg  to  NF^AsFg  resulted  In  strong  rate  suppressions  (see  Tables  I and  2), 


3/2 

For  all  decomposition  experiments,  plots  of  P^  versus  time  resulted  In 
straight  lines  (see  Figures  1 and  2)  Indicating  a 3/2  reaction  order.  The 
resulting  global  kinetic  constants  are  given  In  Table  3.  Arrhenius  plots  of 
these  constants  resulted  In  straight  lines  (see  Figure  3)  end  In  the  following 
global  decomposition  activation  energies,  ■ 36.6  +0.8  keel  mol  ' and 


ENF  AsF  " ^*7  — kca  1 mol 


-1 


, the  latter 
nrV'sr6  — _i  v 

that  of  III  kcal  mol  previously  reported. 


5.;  s 


e being  In  good  agreement  with 


The  fact  that  the  small  mol  fraction  ranges  of  sample  decomposition  studied 
In  these  experiments  were  truly  representative  for  the  overall  decomposition  rates, 
was  established  by  following  the  decomposition  of  small  samples  at  somewhat 
higher  temperatures  over  almost  the  entire  mol  fraction  (a)  range.  A typical 
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decomposition  curve  obtained  for  NF.BF.  at  253  C (see  Figure  4)  does  not 

**  **3/2 

exhibit  any  sigmoid  character  and  the  F versus  time  plot  Is  linear  for 
about  the  first  25%  of  a • 

Although  the  results  previously  reported^  for  the  decomposition  of  NF.AsFa 

3/2  **  ° 

In  Monel  resulted  In  a linear  P versus  time  plot,  the  reported  rates  were 

by  a factor  of  about  seven  higher  than  ours.  Unfortunately  the  sample  size 

and  the  exact  reactor  volume  used  In  reference  3 were  not  given.  However, 

the  estimated  reactor  volume  (100  cc  Honel  cylinder  * Wal lace-Tlernan  FA  145** 

780  gage)  and  the  reported  method  of  the  NF^AsFg  synthesis  suggest  that  the 

previously  used  sample  weight  to  reactor  volume  ratios  were  almost  certatnly 

significantly  smaller  than  those  of  our  experiments.  This  should  have  resulted 

In  rates  lower  than  ours.  The  only  possible  explanations  for  the  previously 

reported  higher  rates  are  absorption  of  the  suppressing  AsF,.  by  Honel  and/or 

Inaccurate  temperature  control  (heating  of  the  cylinder  In  a tube  furnace). 

A large  discrepancy  of  -10^  exists  between  the  previously  reported^  and 
our  kinetic  constants  (see  Table  3).  Most  of  this  discrepancy  (-10^)  appears 
to  be  computational. 

3 

Furthermore,  the  previously  reported  data  for  the  suppression  by  AsF^  are 

Inconsistent.  Whereas  the  experimental  data  In  Tables  6 and  7 of  reference  3 

show  strong  rate  suppression  by  AsF_,  the  kinetic  constants  given  In  Table  8 

b 3 

of  reference  3 Imply  only  mild  suppression  by  AsF^.  The  previously  reported 

strong  rate  suppression  by  NF^  could  not  be  confirmed  by  the  present  study. 

Our  data  (see  Table  3)  show  that  NF^  Is  only  a weak  suppressor,  comparable  to 

F.,  and  that  AsF  or  BF,  are  the  only  strong  suppressors.  This  Is  an  Important 
*■  b i 3 

observation,  because  the  alleged  strong  suppression  by  NF-  had  caused  us  to 

4 -5 

propose  In  a previous  publication  a mechanism  for  the  formation  of  NF^AsFg 
Involving  the  incorrect  (see  below)  steps  F + AsFg  — AsF^  and  AsF^+  NF3  -» 

HFjAsFg. 

Thermal  Synthesis  of  NF^SbFg,  Whereas  the  thermal  synthesis  of  NF^AsFg 
proceeds  at  too  slow  a rate  lor  practical  kinetic  measurements,  the  rate  of 
formation  of  MFi,SbF,  is  sufficiently  fast.  However,  SbF,  tends  to  form 

' W - . ,s  a.il  ° 

polyantlmonates,  such  as  SbjF^  or  SbjF|$, " with  SbFg  which  makes  a kinetic 
evaluation  of  any  experimental  data  very  difficult.  In  view  of  the  Importance 
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of  the  thermal  synthesis  of  NF.SbF.  (this  compound  serves  as  a starting 

materiel  for  the  metathettcal  syntheses  of  most  other  NF^  salts)  9 and 

because  of  the  complete  absence  of  data  on  Its  formation  rate,  nine  reactions 

were  carried  at  250*C  and  at  a pressure  of  about  110  atm  to  determine  Its 

formation  rate.  The  results  are  summarized  In  Table  k and  Figure  5 and  show 

that  at  this  temperature  the  Initial  formation  rate  of  NF^  salts  Is  surprisingly 

rapid.  The  subsequent  slow-down  of  the  reaction  Is  probably  caused  by  a 

lowering  of  the  SbF_  partial  pressure  In  the  system  due  to  the  formation  of 

o 

polyanttmonate  anions.  Their  thermal  dissociation  equilibria  to  SbFg  and 
SbFg  will  then  control  the  SbF^  pressure  In  the  system  and  become  the  rate 
limiting  steps. 

Reaction  Mechanism.  As  pointed  out  In  the  Introduction,  the  formation 

and  decomposition  mechanism  of  NFt  salts  ts  of  great  tnterest  because  It  appears 

H . . • • 

to  Involve  an  unusual  hypervalent  species,  such  as  NF^,  NF,.,  AsFg  or  BF^.  The 

following  experimental  data  are  known,  and  the  correct  mechantsm  must  be 
compatible  with  all  of  these  conditions. 

(1)  Certain  NF^  salts,  such  as  NF^SbFg  and  NF^AsFg,  can,  depending  upon 

the  system  pressure,  either  be  formed  or  decomposed  at  the  same  temperature.^*^  " 
This  Implies  pressure  dependent  equilibria  and  reversibility  of  the  formation 
and  decomposition  reactions. 

(2)  ESR  measurements  have  shown^  ^ that  the  flFj  radical  cation  Is  a crucial 

Intermediate  In  both  the  low- temperature  uv-photolytlc  synthesis  and  /-Irradiation 

+ ° + + 
Induced  decomposition  of  NFl  salts.  Furthermore,  the  flurolnatlon  of  NF^  to  NF^ 

appears  to  require  F atoms. b 

(3)  In  the  thermal  decomposition  of  either  NF^BF^  or  NF^AsF^,  BF^  or  AsF,. 
act  as  strong  rote  suppressors,  whereas  both  NF^  and  Fg  suppress  the  decomposition 
rates  only  mildly  (see  above  results). 

It  S q 

(k)  Filtered  uv-radiatlon  * or  heattng3  to  120*C  supply  sufficient  activation 
energy  for  the  formation  of  NF^  salts.  This  Is  a strong  indication  that  the  first 
step  In  the  synthesis  must  be  the  dissociation  of  F2  into  two  fluorine  atoms 
(D“(F2)«36.8  kcal  mol  *).^ 
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(5)  The  tendency  to  form  NFv  salts  by  thermal  activation  strongly  decreases 

• U q 

with  decreasing  Lewis  acid  strength,  l.e.  SbFc>AsF_  >PF_>  BF,,  * Since  the 

^ 3 5 P J 9 

corresponding  NF^  salts  all  possess  sufficient  thermal  stability,  a mechanlsnr 
Involving  the  Initial  formation  of  NF^,  followed  by  Its  reaction  with  the 
corresponding  Lewis  acid,  cannot  explain  the  lack  of  thermal  formation  of 
salts,  such  as  ^F^PF^  or  NF^BF^.  it  can  be  explained,  however,  by  the  formation 
of  Intermediates  of  lower  thermal  stability,  such  as  WF*  salts.  For  SbFr  or 

w 4.  ^ v 

AsF^„  these  NF-  salts  v/ere  shown  to  still  possess  the  lifetime  required  for 
their  efficient  conversion  to  NF^  salts,  whereas  NF^BF^  was  found  to  be  of 
considerably  lower  thermal  stability^. 


(6)  ESR  flow-tube  experiments^  gave  no  Indication  for  Interaction  between 


F atoms  and  AsF^,  as  expected  for  the  reaction  step  AsFr  + F 


AsFfi. 


(7)  Infrared  matrix  Isolation  studies  of  the  thermal  decomposition  products 

3 18 

from  either  NF^AsF^  or  (NF^jNIF^  gave  no  evidence  for  the  formation  of 

NFj, 

(8)  Lewis  acids,  such  as  BF_,  PF_,  AsF_  or  SbFc,  do  not  form  stable  adducts 

3 i85jg  5 > 

with  MFj,  even  at  low  temperatures.  * 

20  21 

Since  NF_,  F and  F have  Ionization  potentials  of  13*00,  u 15»£>9  and 
22  * ** 

17. M eV,  respectively,  any  mechanism  Involving  the  Initial  formation  of  either 

NFj»  F*  or  F+  can  be  ruleo  out,  based  on  condition  (*0.  This  leaves  us  with 
the  following  k possible  schemes. 


Scheme  1: 

NFj  + AsFgT-TTNF^AsF^ 

NF^AsF^  + F=NFjA$F^ 
NF^AsFg  + F ^nrhF^AsFg 
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Scheme  2 


F + AsF^. ...  —1  AsF^ 

AsFfi  + NF3==^NFjAsF^ 
NF^AsFg  + Ft NF^AsFg 


Scheme  3: 


F + NF3=rNF4 

NF^  + Fx=iNF5 

NFj  * AsF^T-r^NF^AsF" 


Scheme  ki 
F2^=2F 

F + NF^ NF 

NF^  ♦ AsF5^= 

NFjAsF”  + F 3= 


NFjAiF l 

-<ASF; 


Scheme  1 can  be  ruled  cut  because  It  does  not  comply  with  conditions  (8)  end 
(3)*  In  Scheme  1,  NFj  would  be  expected  to  suppress  as  strongly  as  AsF,..  Scheme  2 
can  be  eliminated  because  It  violates  condition  (3)»  5. a.  NF^  should  be  a 
stronger  suppressor  than  AsF^,  and  because  of  condition  (6).  Scheme  3 Is 
(..(acceptable  because  It  does  not  comply  with  (2)  and  (5)*  Scheme  Is  the  only 
mechanism  which  agrees  with  all  experimental  data  and  therefore  Is  our  preferred 
mechanism.  This  mechanism  differs  from  all  the  mechanisms  previously  proposed. 

It  appears  to  be  generally  applicable  to  Nlft  salts»except  for  certain 
decomposition  reactions  in  which  NF^  oxidatively  flworinates  the  anion. 
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In  view  of  the  rather  complex  mechanism  of  scheme  4 and  the  observed 
fractional  reaction  order  for  the  decomposition  process*  a mathematical  analyst 
of  the  kinetic  data  was  too  complex  and  beyond  the  scope  of  the  present  study. 


Born-IIaber  Cycle  for  NF^BF^.  It  was  of  Interest  to  examine  the  thermo- 

dynamic  soundness  of  scheme  k,  NF^BF^  was  chosen  for  this  purpose  because  It 

Is  the  onl;  NF^  salt  for  which  the  heat  of  formation  has  experimental ly  been 
23  H 

determined.  The  following  Born-Haber  cycle  can  be  written  where  all  heats 
of  formation  or  reaction  are  given  In  kcal  mol’*. 


F2(0)  * NF3(S)  + 6F3(S) 
0 -31 “271 -A 


+ 36.8 

0) 


F<9>  * F(g>+  NF3(S)  + BF3(g) 
(2) 

F(g)  * *F4(g)  + BF3(g) 


- 3^.6 (5) 


<BF4(s> 

-337.4 


(4) 


-18  (3) 


♦ NF*BF 


4(s) 


1 

i 

j 


* 


2k  2k  2? 

From  the  known  heats  of  reaction  of  NF^,  BF^,  and  NF^BF^,  J the  heat  of 

reaction  (5)  Is  known  to  be  -34.6  kcal  mol’*.  Furthermore,  the  heat  of 

dissociation  of  F reaction  (1),  Is  known*B  to  be  36.8  kcal  mol  *.  A 

reasonably  close  estimate  for  step  (3),  the  heat  of  formation  of  solid 

NFj  BF^  from  NF^  and  BF^,  can  be  made  from  the  known  heat  of  dissociation 

of  NF^O^BF^.  Since  NF^O  and  are  expected  to  be  quite  similar  (see  below). 

It  Is  reasonable  to  assume  that  step  (3)  has  a heat  of  reaction  similar  to  that 

of  NFjO  + BFj— ■— NF20+BF^,  I.e.  -18  kcal  mol’*.  Consequently,  the  sum  of 

steps  (2)  and  (4)  should  be  about  -53  keel  mol  *•  Whereas  the  heat  of  reaction 

of  step  (2)  Is  difficult  to  estimate,  the  heat  of  reaction  of  (4)  is  easier 

Co  estimate  because  It  represents  the  dissociation  energy  of  the  fourth  N-F 

bond  In  NF?.  In  NF,,  the  heat  of  dissociation  of  the  third  N-F  bond  is  58  kcal 
— 1 26  27  ' 

mol  , * 'and  ft  seems  reasonable  to  assume  that  the  dissociation  energy  of 

the  fourth  N-F  bond  In  NF^  Is  similar  to  or  slightly  less  than  this  value. 
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Consequently,  step  (2)  should  be  approximately  thermochemical ly  neutral.. 


The  proposition  that  step  (2)  and  step  (4)  should  so  markedly  differ  In 

their  heats  of  reaction*  although  both  Involve  the  formation  of  one  additional 

N-F  bond.  Is  not  unreasonable.  In  step  (2)  a hypervalent  NF^  radical  Is  formed 

which  would  possess  nine  valence  electrons  on  the  central  nitrogen  atom.  By 

28 

analogy  with  the  known  NF^O  molecule,  this  energetically  unfavorable  structure 
can  be  circumvented  by  assuming  strong  contributions  from  resonance  structures, 
such  ns 

0 

and 


r 

!r 


N 


fV  * 

F 


r't 

F 


These  resonance  structures  result  In  a strong  polarization,  l.e.  weakening  of 

all  N-F  bonds,  when  compared  to  those  in  NF,.  This  is  demonstrated  by  the  bond 

28 

lengths  of  1.371  and  1.43  A observed  for  NF^  * and  NF^O  , respectively.  Thus 

the  energy  gained  by  the  formation  of  a fourth  N-F  bond  In  the  NF^  radical  Is 

largely  compensated  by  a significant  weakening  of  the  remaining  N-F  bonds. 

In  contrast,  the  reaction  of  the  NF  radical  cation  with  a fluorine  atom,  l.e. 

. 5 F 


'-Nv 


fV 

F 


+ F 


^ N\ 

F / V 
F 


does  not  significantly  change  the  nature  of  the  existing  N-F  bonds  and,  therefore, 
is  expected  to  result  In  a heat  of  reaction  close  to  the  energy  of  this  bond. 


O 


It  should  be  pointed  out  that  the  global  activation  energy  (36.6  £0.8  kcal 


-1 

mol  ) of  the  decomposition  of  NF^BF^  to  NF^  + F^  + BF^ 

of  NF^BF^  from  NF^  ♦ F,,  + BF^  (-34.6  kcal  mol”*)  are  the  same  within  experimental 

error.  It  Is  difficult  to  say  whether  this  is  coincidental  or  If  It  Implies 

that  the  corresponding  forward  reactions,  i.e.  steps  (2),  (3)  and  (4)  of  the 

Born-Haber  cycle  occur  without  activation  energy.  Examples  of  the  latter  case 

30 

are  known  for  the  endothermic  dissociation  of  solids,  such  as  carbonates.  If 

for  NF^j  salts  the  global  decomposition  activation  energies  should  indeed  be 
Identical  to  the  heats  of  formation  from  NF_,  F,  and  the  corresponding  Lewis 

.i  / * • 

acid,  a value  of  about  -372  kcal  mol  can  be  predicted  for  AHpNfr  AjsF  based 

r - I, i-  • t 1 j A 1 1 _ nn  r r **  6 


+ BF,  and  the  heat  of  formation 


on 


^NF  AsF  “ 45  kcal  mol  andAH^p  " 29*55  kcal  mol 
4 sr6  5 
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Table  1.  Thermal  Decomposition  of  NF.BF.  t«  a Sapphire  Reactor 
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c)  The  values  given  In  parentheses  Indicate  the  pressure  (In  im  Hg)  of  the  added  gas  at  the  beginning  of  each 
experiment. 


"1 


•)  sample  size  1.86  g 

b)  reactor  volume  38*7  ml 

c)  The  values  given  In  parentheses  Indicate  the  pressure  (mm  Hg)  of  the  added  gas  at  the  beginning  of  each  experiment 


Table  3.  Global  Kinetic  Constants8  for  the  Thermal  Decomposition 


of  NF^BF^ 

and  NF^AsF^ 
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Diagram  Captions 
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Figure  1,  Total  pressure  (P^2)  curves  for  the  thermal  decomposition  of 
2.65  g of  NF^BF^  at  different  temperatures  (*C). 

JLlS-HI?,  „?*  Total  pressure  (P3/2)  curves  for  the  thermal  decomposition  of 
1.86  g of  NF^AsFg  at  different  temperatures  (eC). 

— ^ 9 u re  3.  Arrhenius  plots  for  NF^BF^  and  NF^AsFg. 

ZlSHTSJt.*  Decomposition  curves  for  75  mg  of  NF^BF^  at  253*C.  The  solid 
lines  are  the  observed  data  and  the  broken  line  represents  the  Ideal 
straight  line  for  the  P3^2  versus  t plot. 

Uaurc  ft*  Formation  rate  of  NF^SbF^xSbFg  from  NF^,  ?2  and  SbFj  at  250*C. 
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ABSTRACT 

( 

The  Infrared  spectra  of  SF.  isolated  In  Ar  and  Ne  matrices  were 
studied.  The  observed  S *-  S Isotopic  shifts  wepe  used  to  re:  >lve  the 
existing  ambiguities  concerning  the  assignments  of  the  deformation  modes 
and  to  obtain  an  Improved  valence  force  field. 

INTRODUCTION 

Although  numerous  papers  have  been  published  on  the  vibrational 
spectra  and  assignments  of  SF^  [1-12],  this  molecule  is  sc.. I poorly  understood 
and  the  assignmant  of  most  of  the  deformation  modes  is  still  open  to  question. 

32  34 

In  this  paper,  we  report  new  matrix  Isolation  data  and  S - S isotopic 
shifts  which  allow  unambiguous  assignments  for  the  deformation  modes  and  the 
computation  of  an  Improved  valence  force  field. 
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EXPERIMENTAL 


The  A r or  Ne  matrix  isolated  samples  of  SF^  were  prepared  by  the 
reaction  of  S^Cl 2 with  AgF2  using  a previously  described  flow  systpra  [13] 
and  He-cryostat  [14].  The  isotopically  enriched  samples  were  prepared 
from  34S  (>98X  purity)  and  Cl.,.  The  infrared  spectra  were  recorded  on  a 
Perkin-Elmer  Model  325  spectrophotometer  with  an  accuracy  of  + 0.5  cm  . 

Most  of  the  S - S isotopic  shifts  were  determined  with  an  accuracy  of 
+^0.05  cm”1.  The  methods  used  for  the  normal  coordinate  analyses  have 
previously  been  discribed  [11]. 

RESULTS  AND  DISCUSSION 

Infrared  Spectra.  Infrared  spectra  were  recorded  of  SF^  in  both  Ar 

and  Ne  matrices  at  4 K for  SFA  of  natural  sulfur  isotope  abundance.  1:1 
32  34  *»  34 

mixtures  of  SF^  and  SF^,  and  pure  SF*  using  sample  to  matrix  ratios 
of  1:1000.  The  observed  frequencies  and  3*S  - ^S  Isotopic  shifts  are 
summarized  in  Table  1. 

In  agreement  with  previous  experience  [6.  13,  15,  16],  neon  matrices 
produced  the  best  spectra  and  exhibited  frequencies  closest  to  those  of  the 
gas  phase  values.  Because  accurate  anharmonicity  corrections  were  not 
possible,  all  observed  isotopic  shifts  were  corrected  by  a factor  of  1.01, 
a value  close  to  those  previously  used  for  similar  molecules  [13,  16,  17]. 

The  observed  Isotopic  shifts  are  in  fair  agreement  with  the  values  previously 
reported  [11]  for  some  of  these  bands  in  an  N2  matrix. 

34 

For  some  of  the  bands,  matrix  splittings  were  observed.  The  use  of  S 

enriched  samples  facilitated  distinction  between  isotopic  and  matrix  splittings. 

For  the  353  cm"1  fundamental,  the  splitting  observed  In  a N2  matrix  had 

previously  been  interpreted  [11]  in  terms  of  a coincidence  of  the  two  fundamentals 

v3  and  Vg.  Although  varying  degrees  of  splitting  were  observed  during  the 

present  study  for  the  353  cr”'  fundamental  In  Ar  and  Ne  matrices  (see  Figure  1), 

32  34 

these  splittings  are  1 dent*- a!  for  both  SF^  and  SF^.  Since  It  appears 


unlikely  that  v3  and  vg  should  exhibit  identical  sulfur  Isotopic  shifts,  these 
splittings  are  attributed  to  matrix  splittings  of  a single  fundamental.  This 
conclusion  is  supported  by  che  normal  coordinate  analysis,  given  below,  which 
shows  that  the  large  isotopic  shift  observed  for  the  532  cm-1  deformation  mode 
can  be  explained  only  by  assigning  this  frequency  to  v3. 


normal  Coordinate  Analysis  ard  Assignments,  A listing  of  the  9 fundamentals 
of  SF4  and  their  assignment  In  point  group  C2v  Is  given  In  Table  II,  together 
with  an  approximate  description  of  these  modes.  Based  on  the  previous  studies 
[1-12],  the  assignments  for  v2,  and  v4  in  the  Aj  block,  In  the  B1  block, 
and  \>g  in  the  3^  block  are  well  established.  The  remaining  four  modes  are  all 
deformation  modes.  Assuming  no  coincidences,  three  fundamentals  at  532,  475, 
and  353  cm'1  are  available  for  assignment  to  these  four  modes.  Based  on  relative 
Intensity  considerations  and  the  fact  that  all  three  fundamentals  are  Infrared 
active,  the  missing  fundamental  should  be  the  torsional  mode  (Ag)  which  is 
Infrared  Inactive.  In  similar  molecules,  this  mode  is  generally  of  very  low 
Raman  Intensity.  Therefore,  it  would  not  be  surprising  that  this  mode  has  up 
to  date  not  experimentally  been  observed  for  SF^. 


-1 

The  assignment  of  the  532,  475,  and  353  cm  fundamentals  was  established 

In  the  following  manner.  The  353  cm"1  band  has  previously  been  assigned 

[5,  6,  8,  10,  11]  to  Vq  (B9),  and  this  assignment  has  recently  bten  supported 
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by  microwave  spectroscopy  [1]  . Since  the  S - S Isotopic  shifts  of  vQ  and 

-1  ° 
of  the  353  cm  fundamental  are  now  both  known,  a force  field  computation  can 

be  used  to  test  the  correctness  of  this  assignment.  If  the  assignment  is 

correct,  both  observed  isotopic  shifts  must  result  In  an  Identical  force  field. 

As  can  be  seen  from  Figure  2,  the  isotopic  shifts  observed  for  the  867  and 

the  353  cm"1  fundamental  result  in  the  same  force  field,  thus  establishing  the 

353  cm"1  fundamental  as  vg  (B2). 


iT'. 
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A distinction  between  the  two  possible  assignments  (532  and  475  cm"  ) for 
Vy  (B.j ) can  be  made  in  a similar  manner,  since  the  sulfur  isotopic  shifts  of 
(B-| ) and  of  the  532  cm"1  deformation  mode  (4.05  cm"1)  are  known.  From  a 
computation  of  the  B,  force  field  (see  Figure  3)  It  becomes  obvious  that  the 
sulfur  Isotopic  shift  of  Vy  has  to  be  less  than  1 or  in  order  to  agree  with 
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the  force  field  obtained  from  the  Isotopic  frequencies  of  \>c.  Since  the 

-1  -l  ® 

Isotopic  shift  of  4.05  cm  , observed  for  the  532  cm  band.  Is  much  too 
large  for  v^,  the  532  cm"^  fundamental  must  be  v3  (A^)  and  the  475  cm"1 
ot.w  must  be  (B^).  Additional  support  for  this  assignment  was  obtained  * 
from  the  computation  of  the  A<|  block  force  field  (See  Table  3).  No 
difficulty  was  encountered  to  duplicate  the  Isotopic  shifts  observed  for 
Vj,  v7„  and  v^. 

The  missing  frequency  of  vg  (Ag)  was  calculated  to  be  437  cm  assuming 
F55  " F77*  This  assumption  seemed  most  plausible  because  of  the  three  possible 
f ‘jnteract'ion  constants,  the  one  which  involves  two  angles  sharing  a common 
equatorial  fluorine  ligand,  l.e.  f^14,  should  have  the  largest  value  and  because 
in  FC[:  and  F,,  f “ has  the  same  sign. 

The  assignments, thus  obtained  for  SF^.are  sunsnarlzed  In  Table  1 and  can 
now  be  considered  as  being  well  established.  They  are  in  good  agreement  with 
the  previously  published  [3]  Infrared  gas-phase  band  contours  and  compare 
favorably  with  those  [18]  recently  published  for  the  closely  related  SF^O  molecule. 
Based  on  the  results  of  this  study  on  SF^,  It  becomes  necsssary,  however,  to 
exchange  the  assignments  of  (A<|)  and  Vg  (B^)  for  SF^O. 

The  force  field  of  SF^  Is  summarized  in  Table  3.  The  B^  and  B 2 block 
values  represent  a general  valence  force  field.  The  A^  block  is  still  under- 
determined  (10  symmetry  force  constants  and  7 frequency  values),  but  Is  expected 
to  be  a good  approximation  to  a general  valence  force  field  In  view  of  the  good 
agreement  between  the  observed  and  calculated  isotopic  shifts.  The  off-diagonal 
symmetry  force  constants  listed  In  Table  3 were  required  In  order  to  be  able  to 
duplicate  the  observed  sulfur  isotopic  shifts.  The  value  of  F23  Is  necessary 
to  make  Av2  close  to  zero.  The  relatively  large  isotopic  shift  of  v3  can  only 
be  achieved  by  the  use  of  an  F34  value  which  concentrates  the  Isotopic  shifts 
of  v3  and  almost  exclusively  In  v3  and  by  the  use  of  F^3  and  F^  which 
transfer  some  of  the  isotopic  shift  from  v-j  to  v3<  Since  v3  is  an  almost  equal 
mixture  of  F33  and  (see  PED  of  Table  3),  the  Isotopic  shift  balance  between 
v-j  and  v3  can  be  equally  well  achieved  by  either  or  Fu>  as  long  as  their 
sum  equals  to  about  0.6  mdyn/radian.  Therefore  the  chosen  ratio  between  F^3 
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and  F14  1s  somewhat  arbitrary,  and  their  values  were  made  about  equal  for 
cosmetic  reasons. 

The  potential  energy  distribution  (PED)  Is  given  in  Table  3 and  shows 
that  all  fundamentals  are  highly  characteristic,  with  the  exception  of  v3 
and  v^.  The  latter  are  almost  equal  mixtures  of  F33  and  F^.  As  previously 
discussed  in  detail  [10,  11]  and  shown  by  their  eigenvectors  (see  Table  3), 
v3  is  a symmetric  and  is  an  antisymmetric  combination  of  the  symmetry 
coordinates  S3  and  S^,  i.e.. 


v3,  symmetric  combination  of  v^*anti symmetric  combination  of 
axial  and  equatorial  bending  axial  and  equatorial  bending 

In  view  of  these  facts,  a discussion  Is  rather  meaningless  whether  v3  or 
Is  mainly  axial  or  equatorial  bending.  Furthermore,  It  shows  that  v4  Is  the 
fundamental  mainly  Involved  in  an  intramolecular  exchange  process  as  suggested 
by  Berry  [19]. 

Additional  experimental  data  which  could  be  used  as  a constraint  for  the  SF^ 
assignment  and  force  field,  are  centrifugal  distortion  constants  [12]  and  mean 
amplitudes  of  vibration  [20],  Since  the  observed  centrifugal  distortion 
constants  “are  not  well  determined"  and  have  been  shown  [12]  to  be  insensitive 
towards  changes  in  the  assignment  of  the  deformation  modes,  they  are  not  a 
useful  constraint.  Mean  amplitudes  of  vibration  have  previously  been  reported 
IlO]  for  SF^  using  five  different  assignments  and  force  fields.  These  data 
showed  that  only<<l^>ls  F3...F4  and  **  F^..,F3  are  sufficiently  sensitive 
to  variation  of  the  assignment  of  the  deformation  modes  In  question  and  were 
0 approximately  proportional  to  the  values  of  F33  and  F44  F33  +*,%  F„, 

respectively.  Using  these  correlations  and  the  above  force  field,  <92>^  F ...F 

•"<<qVF,.„F3  3 4 


c- 


o 

are  estimated  to  be  0.071  and  0.067  A,  respectively,  in  excellent  agreement 
with  the  observed  values  of  0.068  + 0.01  and  0.067  + 0.005  A [20],  thus 
lending  additional  support  to  our  assignment.  It  should  be  pointed  out 
that  both  the  centrifugal  distortion  constants  and  the  mean  amplitudes  of 
vibration  , although  useful  for  the  detection  of  gross  errors  In  the 
assignments,  are  not  sensitive  enough  to  be  useful  constraints  for  the  force 
field  of  SF4  . 
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DIAGRAM  CAPTIONS 

•O' 

Figure  1.  Infrared  spectra  of  J£SF^  and  ^SF^  in  argon  and  neon  matrices. 

The  observed  splittings  are  attributed  to  matrix  effects. 

Figure  2.  Solution  range  of  force  constants  and  computed  sulfur  isotopic 
shifts  for  the  Bg  block  of  SF^.  The  rectangles  indicate  the 
uncertainties  of  the  observed  anharmoniclty  corrected  isotopic 
shifts  and  the  vertical  line  the  resulting  general  valence  force 

_i  * 

field.  The  units  are  cm  for  the  isotopic  shifts  and  mdyn/A, 

° 2 

mdyn  A/radian  , and  mdyn/radian  for  Fgg,  Fgg,  and  Fgg,  respectively. 

Figure  3.  Solution  range  of  force  constants  and  computed  sulfur  isotopic 
shifts  for  the  block  of  SF^.  For  further  explanations*  see 
caption  of  Figure  2. 


TRANSMITTANCE 


sf4  b2  block 


Pg  = 867  cm 
vq  “ 353  cm 


DIAGONAL  SYMMETRY 
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On  Reactions  of  Fluorine  Perchlorate  with  Fluorocarbons 
and  the  Polarity  of  the  0-F  Bond  in  Covalent  Hypof luor i tes 
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Although  FOCIO^  has  been  known  for  decades,  * its  reaction  chemistry  has 

remained  virtually  unexplortu  . is  limited  to  references  to  unpublished 

work,  cited  in  a review.^  This  lack  of  data  is  attributed  to  the  previous 
2 

report  that  FOCIO^  consistently  exploded  during  attempted  freezing.  During 
a study1*  of  NF^CIO^,  it  was  found  that  very  pure  FOCIO^  could  be  obtained 
in  high  yield  by  the  thermal  decomposition  of  NF^CIO^.  The  FOClO^,  prepared 
in  this  manner,  could  be  manipulated  and  repeatedly  frozen  without  explosions, 
thus  allowing  us  to  study  some  of  its  properties'*  and  reaction  chemistry. 

Of  particular  interest  to  us  were  the  reactions  of  FOCIO^  with  f luorocarbonr . 
Previous  work  in  our  laboratory  had  demonstrated  that  CIOCIO^  and  BrOClOj  add 
readily  to  fluorocarbon  double  bonds  resulting  in  covalent  fluorocarbon 
perchlorates.  Consequently,  one  would  expect  fluorine  perchlorate  to  undergo 
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a similar  reaction.  However,  a literature  citation  suggested  that  FOCIO^ 

does  not  add  across  the  double  bond  in  0120^^2*  Furthermore,  reactions  of 

covalent  hypofluori tes,  such  as  CF.OF,  are  commonly  interpreted  in  terms  of 

8"^  5 

a highly  unusual  CF^O-F  type  polarization  of  the  0-F  bond  ("positive  fluorine"). 
If  the  0-F  bond  in  CF^OF  is  indeed  polarized  in  this  direction,  the  fluorine 
in  FOClOj  should  be  even  more  positive  because  of  the  higher  electronegativity 
of  the  perchlorato  group.  Since  the  direction  of  the  addition  of  a hypohalite 
across  an  unsymmetrical  olefinic  double  bond  strongly  depends  on  the  direction 
and  the  degree  of  polarization  of  the  O-Hal  bond,^  a Study  of  the  O^CIOF- 
CFjCF»CF2  reaction  system  offered  an  ideal  opportunity  te  experimentally  test 
the  validity  of  the  "positive  fluorine'  concept. 


Experimental  Section 


Caution!  Although  no  explosions  were  encountered  in  the  present  study,  FOCIO^ 
must  be  considered  a highly  sensitive  material  and  should  be  manipulated  only 
in  small  quantities  with  appropriate  safety  precautions. 


Apparatus  and  Materials 

Volatile  materials  were  manipulated  in  a wel 1 -passivated  (with  CIF^)  30*» 

stainless  steel  vacuum  line  equipped  with  Teflon  FEP  U traps  and  bellows-seal 

valves.  Pressures  were  measured  with  a Heise  Bordon  Tube-type  gauge  (0-1500  mm 

♦0.1$).  Infrared  spectra  were  recorded  on  a Perkin-Elmer  Model  283 

1 9 

spectrophotometer.  The  F NMR  spectra  was  recorded  on  a Varian  Model  EM  390 
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spectrometer  at  84.6  MHz  using  Teflon-FEP  sample  tubes  (CS  Laboratory  Supplies) 

and  CFCl^  as  an  internal  standard.  Hexaf luoropropylene  and  CF^I  were  purchased 

while  CF2*CF2  was  prepared  by  pyrolyzing  Teflon.  Fluorine  perchlorate  was 

k *■! 

obtained  from  the  decomposition  of  NF^ClO^.  ’ 

Reaction  with  Hexaf luoropropylene 

A 30  ml  stainless  steel  cylinder  was  loaded  at  -196°  with  FOCIO^  (1.59 
mmol)  and  C^F^  (2.05  mmol).  The  closed  cylinder  was  warmed  to  -45°  and  kept 
at  that  temperature  overnight.  Separation  of  the  products  was  achieved  by 
vacuum  fractionation  in  U traps  cooled  at  -78,  -95,  and  - 1 96° . The  coldest 
trap  contained  unreacted  C^F^  together  with  FCIO^,  CjF^CFO,  and  a small 
amount  of  (CF^CO.  In  the  other  traps  only  the  colorless  liquid,  C^F^OCIO^ 
was  found  (1.18  mmol,  7k%  yield  based  on  FOCIO^)*  The  following  temperature- 
vapor  pressure  data  were  measured  (°C,  mm):  -46.6,  4;  -22.7,  17;  -9-3,  36;  0.0, 
59;  10.6,  99;  22.0,  1 6 1 . The  vapor  pressure-temperature  relation  Is  described 
by  the  equation  log  P »7. 5257-0571 .94/T°K)  with  a calculated  normal  boiling 
point  of  65.2°  and  a heat  of  vaporization  of  7.19  kcal/mol . A vapor  density 
of  265  g/mol  was  measured  compared  to  a calculated  value  of  268.5  g/mol  for 
CjF^ClO^.  Strong  mass  spectra!  peaks  were  found  for  the  ions  C^CIO^,  CjF*, 
CF2C10^,  C3F50+,  CjF*,  CzF3,  C2Fa0+,  C2fJ,  C2F30+,  CIO*,  C2F20+,  CF*  (base  peak) 
C102,  C0F2,  C10+,  CF*,  and  C0F+.  Infrared  bands  were  observed  at  (cm  int.): 
1340 (sh) , I325(sh),  1290(vs),  1250(sh) , 1235(vs),  1200(m),  H7Kw),  1153(m), 

1 1 19(ms) , 1088(m) , 1026(s),  988(s),  968(m-s),  784(w),  746(m) ,723(w) , 676(m), 

64l (m-s) , 5l4(s),  and  530 (w) . 


Reaction  with  Tetraf luoroethy lene 

Fluorine  perchlorate  (0.61  mmol)  and  C2F^  (0.62  mmol)  were  combined  at 
- 1 96°  in  a 10  ml  stainless  steel  cylinder.  By  evaporation  of  the  liquid  nitrogen 
from  a liquid  nitrogen-dry  ice  slush  used  to  cool  the  reaction  cylinder,  the 
temperature  was  allowed  to  slowly  rise  to  -78°  and  finally  over  several  days 
by  loss  of  solid  C02  to  about  -45°.  Fractional  condensation  of  the  products 
at  -112  and  -196°  permitted  the  isolation  of  (0.42  mmol.  68^  yield) 

Q 

which  was  identified  by  its  known  vibrational,  NMR  and  mass  spectra.  Smaller 
amounts  of  CF^CFO,  02^,  C^,  and  were  observed  as  by-products. 

Reaction  with  Tr 1 f luoromethyl  Iodide 

Into  a cold  (-198°)  30  ml  stainless  steel  cylinder  CF^i  (0.66  mmol)  and 
then  FOClO^  (1.40  mmol)  were  condensed.  Warm-up  to  about  -45°  was  accomplished 
slowly  as  noted  in  the  preceding  example.  After  several  days  at  -45°  the 
reactor  was  recooled  to  — 1 96°  and  the  presence  of  a considerable  amount  of  non- 
condensable gas  (oxygen)  was  noted.  Fractionation  of  the  condensible  products 
showed  a mixture  of  CC^,  CF^,  C 1 ^ > *2*  ant*  a so^'^  l°dine  oxide  to  be  the 

principal  species  present.  However,  a small  amount  CF^OCIO^  (0.05  mmol,  8% 

g 

yield)  was  also  found  and  identified  by  comparison  with  reported  data. 

Results  and  Discussion 


Under  carefully  controlled  reaction  conditions,  similar  to  those  previously 

used  for  the  polar  additions  of  C10C10,  and  BrOClQ,,^  fluorine  perchlorate 

i $ 

was  found  to  add  across  oleflnic  double  bonds  in  high  yield.  With  tetra- 
f luoroethy lene  the  following  reaction  occurred: 


2*  :W»St»r*«W SWJ5**SPf 


With  the  unsymmetrical  olefin  per f luorop ropy lene  a mixtures  of  two  isomers 
was  found: 

-J»5° 

CF3CF-CF2  + F0C103 ► CF3CF2CF2CC103  + CF3CF(0C103)CF3 

(68%)  (32%) 

These  two  perf luoropropyl  perchlorates  are  novel  compounds  which  were 
Identified  by  vapor  density  measurements  and  spectroscopic  data.  The  presence 
of  the  covalent  -0C 1 0^  group  was  demonstrated  by  infrared  spectroscopy  which 

O 

showed  the  intense  bands  typical  of  this  group  at  1290  (\>asClQj),  1026  (v^CIOj), 
and  614  cm"*  (v  Cl-0).  Additional  support  for  the  covalent  perchlorate 
structure  was  obtained  from  the  mass  spectrum  which  showed  strong  peaks  for 

4*  4*  4 

the  ions,  C)03>  C 1 0^ * and  CIO  but  not  for  CIO^,  as  is  generally  the  case  for 
fluorocarbon  perchlorates.  A parent  ion  was  not  observed  and  the  highest 
m/e  was  CjF^ClO^,  j_e.  the  parent  minus  a CFj  group. 

Gas  chromatography  of  the  product  revealed  :■*  slight  assymetry  for  the 
C3F^C10^  peak,  thereby  indicating  the  presence  of  isomers.  This  was  confirmed 
by  JF  NMR  spectroscopy  showing  that  both  possible  adducts  were  formed.  The 
observed  chemical  shifts  and  coupling  constants,  together  with  higher  resolution 

g 

data  than  previously  reported  for  C^^GCIO^  are  summarized  below. 
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35.3  93.5 


CF3"CF2"0C103 


t quart. 
L l .75 J 


82.0  89.7  128.8 

CF3'CF2-CF2-°C,°3 
t t quart  t t quart 

1— 7.5-J  Ll -7  J 


0.5 


78.9  146-0  (ppm) 

CF.-CF-CF, 

3 I 3 

0C103  (Hz) 

d hept 

L2.5J 


The  resonances  cf  fluorines  geminal  to  a perchiorato  group  were  broadened  due 
to  chlorine  quadrupole  relaxation.  Based  on  their  relative  peak  areas,  the 
ratio  of  the  two  isomers  was,  n-68%  and  i so-32%. 


The  fact  that  in  the  reaction  of  F0C10,  with  CF-CF«CF-  both  isomers  are 

1 11 

formed* significantly  differs  from  the  previously  reported^  CIOCIO^  and  BrOClO^ 
reactions  where  exclusive  Markownikoff  type  additions  occurred.  The  latter 
produced  1 00%  of  CF3CFXCF20C103,  as  expected  for  a polar  addition  of  the 
positively  polarized  terminal  halogen  to  the  carbon  with  the  highest  electron 


density 


8+  8“ 

CF3CF-CF2  + Cl-OClO^ 


CF3CFC1CF20C103 

(100%) 


The  formation  of  both  isomers  (q.-  and  i so-)  in  the  corresponding  F0C103  reaction 
suggests  that  the  F-0  bond  in  FOClOj  is  not  strongly  polarized  In  either  direction. 
This  is  not  surprising  in  view  of  the  known  very  small  dipole  moment  (0.0230) 
of  the  closely  related  FClOj  molecule^  and  the  expected  similar  electronegativities 
of  a -C103  ?nd  an  -0C103  group.  The  fact  that  the  percentage  of  n-isomer  was 
somewhat  higher  than  that  of  the  iso-isomer  can  be  explained  by  steric  effects 
(bulky  CFj  group)  and  is  insufficient  reason  to  postulate  a strongly  positive 
fluorine  in  FOClOj.  An  alternate  explanation  for  the  formation  of  two  isomers 


612 


( ) 


O 


in  the  F0C102~CF2CF*CF2  reaction  would  be  the  assumption  of  a free  radical 
mechanism.  However,  the  high  yield  of  the  products  (74%),  the  mild  (-45°) 
and  well  controlled  reaction  conditions,  and  the  absence  of  detectable 
amounts  of  C^Fg  and  C^F^ (OC 1 0^) 2 the  reaction  products  render  a free 
radical  mechanism  unlikely. 

In  contrast  to  the  olefin  addition  reactions,  the  reaction  of  FOCIO^ 
with  CF^I  was  more  difficult  to  control.  The  primary  reaction  path  appears 
to  have  involved  oxidation  of  the  iodine  followed  by  degradation  to 
oxygenated  and  fluorinated  species.  Nevertheless,  a modest  yield  (8%)  of 
the  desired  perchlorate,  CF^OCIO^,  was  realized.  By  comparison,  the 
CIOClO^-CFjl  reaction  is  also  vigorous,  but  can  be  controlled  to  give  a 

g 

nearly  quantitative  yield  of  CF,OC10_. 

i i 

In  summary,  it  has  been  shown  that  FOCIO^  can  add  to  carbon-carbon 
double  bonds  to  produce  alkyl  perchlorates  in  good  yield.  The  formation  of 
two  isomers  In  the  reaction  of  FOCIO^  with  the  unsymmetr ical  olefin 
CF^CF^Fj  indicates  that  the  0-F  bond  in  FOCIO^  is  of  low  polarity  and  does 
not  justify  the  assumption  of  significant  postiive  character  for  fluorine. 
Since  a CF^O-  group  is  considerably  less  electronegative  than  a O^C 10-group 
the  above  results  imply  that,  contrary  to  general  acceptance,  covalent 
hypof luor i tes,  such  as  CF^OF,  do  not  contain  a positive  fluorine.  Indeed, 
it  would  be  most  difficult  to  rationalize  how  the  addition  of  fluorine  to  a 
less  electronegative  element,  such  ps  carbon,  would  render  the  latter  more 
electronegative  than  fluorine  itself. 
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Abstract 


*4*  • “4*  •»  *4*  * 

The  synthesis  and  properties  of  Hjt^Sb^Fjj,  H^O^SbF^,  and  H^OjAsF^,  the  first 
known  examples  of  peroxonium  salts,  are  reported.  These  salts  were  prepared 
by  protonation  of  H202  in  anhydrous  HF  solutions  of  the  corresponding  Lewis 
adds.  They  were  isolated  as  meta-stable  solids  which  underwent  decomposition 
to  the  corresponding  H^0+  salts  and  02  In  the  temperature  range  20-50°C.  The 
H30^  salts  were  characterized  by  vibrational  and  NMR  spectroscopy.  Modified 
valence  force  fields  were  computed  for  the  I soelectronic  series  H200H  , H2N0H 
and  H2NNH  . The  similarity  of  their  observed  spectra  and  computed  force  fields 
suggests  that  the  Ions  are  Isostructural  with  H2N0H  which  possesses  Cg  symmetry 
with  the  unique  hydrogen  being  trans  to  the  other  two  hydrogens.  The  Influence 

A/V\/V 

of  protonatton  on  the  stretching  frequency  of  the  two  central  atoms  Is  discussed 
for  the  series  HOC”,  H00H,  H200H+,  HjNNH^  H^NH*,  H^NH^.  Attempts 

to  protonate  both  oxygen  atoms  In  H202  to  form  H^02+(SbFg)2  resulted  In  H^O^SbjFj j 
as  the  only  product.  The  strongly  oxidizing  Lewis  acid  BlF^  underwent  a redox 
reactton  with  H202  In  HF,  resulting  in  quantitative  reduction  of  BiF^  to  BIF^, 
accompanied  by  02  evolution.  When  a 2:1  excess  of  BiF^  was  used,  an  adduct 
formed  having  the  approximate  composition  BIF  •BiFc.  Heating  a mixture  of 
solid  ^3®2^^2^11  * strongly  fluorlnating  agent,  such  as^BlF^  or  CSjNlF^, 

resulted  in  a green  chemiluminescence  band  centered  at  5150  A. 


Introduction 


Anhydrous  KF-Lewls  acid  solutions  are  Ideally  suited  to  protonate  less 
acidic  substrates.  This  technique  has  successfully  been  applied  to  the  Isolation 
of  novel  salts  containing  the  H^0+,'  **  H^S*,^’^,  and  AsH^  ^ cations. 

Since  all  these  cations  contain  a single  central  atom.  It  appeared  Interesting 
to  extend  this  method  to  a substrate  containing  two  central  atoms,  such  as 
^2^2*  * n suc^  a case>  both  single  and  double  protonation  are  possible,  and 

the  Influence  of  protonation  on  the  strength  of  the  bond  between  the  two 

g 

central  atoms  can  be  studied.  Such  effects  are  well  known  for  the  related 

- 9 10 

hydrazine  molecule.  Although  the  H0o  anion  Is  known,  to  our  knowledge 

*■  II 

the  corresponding  cations  derived  from  H202  have  only  be  postulated,  but 
not  been  characterized  or  Isolated  as  salts. 

Further  Interest  was  added  fo  this  study  by  the  fact  that  Is  a 

starting  material  for  the  generation  of  excited  molecular  oxygen  which  In  turn 
Is  of  great  Interest  for  a near  resonant  energy  transfer  Iodine  laser.  There- 
fore, the  combination  of  an  H^O*  cation  with  a strongly  oxidizing  anion  In 
the  form  of  a stable  salt  could  provide  a suitable  sol id-propel lant  gas  generator 
for  excited  oxygen. 


Experimental  Section 

Materials  and  Apparatus.  Volatile  materials  used  In  this  work  were 
manipulated  In  well  passivated  (with  CIF^  and  HF)  vacuum  lines  constructed  either 
from  Monel  Teflon-FEP  or  entirely  from  Teflon  PFA  using  Injection  molded  fittings 
and  valves  (Fluoroware  Inc.).  Nonvolatile  materials  were  handled  In  the  dry 
nitrogen  atmosphere  of  a glove  box.  Hydrogen  fluoride  was  dried  by  treatment 
with  Fj,  followed  by  storage  over  BIF^  to  remove  last  traces  of  ^0.?  Antimony 
pentaf luorlde  and  AsF_  (Ozark  Mahoning  Co.)  were  purified  by  distillation  and 
fractional  condensation,  respectively.  Bismuth  pentaf luorlde  (Ozark  Mahoning  Co.) 
was  used  as  received.  Hydrogen  peroxide  (90%,  FMC  Corporation)  was  purified  by 
repeated  fractional  crystallization  and  material  of  93.95%  purity,  as  analyzed 
by  titration  with  KMnO^  solution,  was  obtainable  by  thts  method.  All  equipment, 
used  for  handling  H202,  was  washed  with  12  n H2S0^,  thoroughly  rinsed  with 
distilled  H90  and  dried  In  an  oven  prior  to  use.  The  synthesis  of  Cs-NlF,. 
has  previously  been  described. 
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Infrared  spectra  were  recorded  In  »he  range  4000-200  cm  ' on  a Perkln-Elmer 

Model  283  spectrophotometer.  Spectra  of  dry  powders  at  room  temperature  were 

obtained  using  pressed  (Wilks  mlnlpeliet  press)  disks  between  AgCI  windows. 

Low- temperature  spectra  were  obtained  as  dry  powders  between  Csl  plates  using 

14 

a technique  similar  to  one  previously  reported. 


The  Raman  spectra  were  recorded  on  a Cary  Model  83  spectrophotometer  using 

the  4880-A  exciting  line  and  a Claassen  filter  for  the  elimination  of  plasma 

lines.  Sealed  quartz  or  Teflon-FEP  tubes  were  used  as  sample  containers  In  the 

transverse-viewing,  transverse-excitation  technique.  The  low- temperature  spectra 

were  recorded  using  a previously  described^  device.  Polarization  measurements 

15 

were  carried  out  according  to  method  VIII  listed  by  Claassen  et  al. 


Debye-Scherrer  powder  patterns  were  taken  using  a GE  Model  XRD-6  diffracto- 
meter, Samples  were  sealed  In  quartz  capillaries  (-^0.5-mm  o.d.). 


1 Q ] 

The  *T  and  H NMR  spectra  were  recorded  at  84, - and  90  MHz,  respectively, 
on  a Varlan  Model  EM  390  spectrometer  equipped  with  a variable-temperature  probe.. 
Chemical  shifts  were  determined  relative  to  external  C FC 1 ^ and  TMS,  respectively. 

A Perkln-Elmer  differential  scanning  calorimeter,  Model  DSC-1B,  was  used 
for  the  determination  of  the  thermal  stability  of  the  compounds.  The  samples  were 
sealed  In  aluminum  pans,  and  heating  rates  of  2.5  and  10o/mIn.  were  used. 

For  the  chemiluminescence  experiments,  HjO^Sb^Fji  was  mixed  with  either  solid 
B I F_  or  Cs„NIF£  and  placed  Into  the  bottom  of  a Pyrex  glass  tube  which  was  equipped 

5 Z O 

with  a stopcock.  The  tube  was  connected  to  a vacuum  manifold  and  heated  In  a 

dynamic  vacuum  by  a stream  of  hot  air  until  gas  evolution  and  chemiluminescence  was 

observed.  The  emitted  light  was  analyzed  with  a 0.5  m McKee-Pederson  mono- 

o 0 

chromator  over  the  range  2000-10000  A using  a spectral  slit  width  of  25  A. 

, Preparation  of  H.otAsFr.  In  a typical  experiment,  AsFc  (15.39  mmol)  and 

■ ■ — - 1 Z ^ j 

anhydrous  HF  (50,76  mmol)  were  combined  at  -196*  In  a passivated  Teflon  FEP 

ampoule  equipped  with  a valve.  The  mi> ture  was  allowed  to  melt  and  homogenize. 

The  ampoule  was  then  taken  to  the  dry  box  and  H2O2  of  99.95%  pur5ty  (15.29  mmol) 

was  syringed  In  at  -196*.  The  ampoule  was  transferred  back  to  the  vacuum  line 

and  evacuated  at  -196*,  It  was  then  kept  at  -78*  for  2 days  to  allow  reaction. 
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After  this  period,  no  evidence  was  found  for  material  noncondtnslble  at  -196°, 
t.e,  no  02  evolution.  The  mixture  was  warmed  to  -45°  • 'd  a clear  solution 
resulted.  Material  volatile  at  -45°  was  removed  by  pumping  for  10  hr  and  was 
collected  at  -196*.  A white  solid  residue  resulted  which  was  of  marginal 
stability  at  ambient  temperature.  Based  on  the  observed  material  balance 
(weight  of  15.29  mmol  HjO^AsF^:  calcd,  3.423g;  found  3.47g) * the  conversion  of 
H^^  to  Hj02AsFg  was  complete  within  experimental  error.  The  compound  was 

shown  by  Infrared  and  Raman  spectroscopy  to  contain  the  H„ot  cation  and  AsF, 
anion.  '>7.  17-20  3 


Thermal  Decomposition  of  H^O^AsF^. 


A sample  of  H^^AsFg  (28.93  mmol/  was 


allowed  to  decompose  at  ambient  temperature.  An  exothermic  reaction  occurred 
generating  14.6  mmol  of  0,  and  a white  solid  residue  which  was  Identified  by 
vibrational  spectroscopy  as  H^O  AsF^. 


Preparation  of  H^O^SbF^.  Antimony  pentaf luorlde  (27.96  mmol)  was  added 

In  the  dry  box  to  a passivated  Teflon  FEP  U-tube  equipped  with  two  valves  and 

3 Teflon  coated  magnetic  stirring  bar.  Anhydrous  HF  (522.9  mmol)  was  added  on 

the  vacuum  line  at  -196“,  and  the  mixture  was  homogenized  by  stirring  at  20°. 

In  the  dry  box  hydrogen  peroxide  (27.97  mmol)  was  syringed  Into  the  U-tube  at 

-196*.  The  cold  tube  was  transferred  back  to  the  vacuum  line  and  was  evacuated. 

The  tube  was  warmed  from  — 1 96°  to  -78°  for  one  hour  with  agitation  which  resulted 

In  the  formation  of  a finely  divided  white  solid,  suspended  In  the  Itqutd  HF. 

When  the  mixture  was  warmed  to  20°,  the  white  solid  completely  dissolved.  No 

gas  evolution  was  obsv  'ved  during  the  entire  warm-up  operation,  and  no  non- 

condenslble  material  could  be  detected  when  the  mixture  was  cooled  again  to 

-196°.  The  HF  solvent  was  pumped  off  at  -22°  for  three  hours  resulting  In  7.566g 

of  a white  solid  (weight  calcd  for  27.96  mmol  of  H^SbFg  7.570g),  stable  at  20*. 

The  compound  was  shown  by  vibrational  spectroscopy  to  be  composed  of  H,0«  cations 
- 1 5 7 18  19  3 *■ 

and  SbF^  anions.  3 * * * 7 Additional  support  for  the  composition  of  the 

product  was  obtained  by  allowing  a sample  of  H,Q„SbF,  to  thermally  decompose 

at  about  45*.  This  decomposition  produced  02  and  the  known  H^OSbF^  salt  in 

almost  quantitative  yield. 


Preparation  of  syntfies*s  t*1*s  compound  was  carried  out 

In  a manner  Identical  to  that  described  above  for  the  preparation  of  H^C^SbFg, 
except  for  using  an  excess  of  SbFg,  Thus,  the  combination  of  SbF^  (14.83  mmol), 
HF  (407  mmol),  and  (6.83  mmol)  produced  3*5Slg  of  a white  solid  (weight 
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calcd  for  6.83  mmol  of  H^O^SbF^* 1.17  SbF^  3.58lg),  stable  up  to  about  50*. 

The  compound  was  shown  by  vibrational  and  NMR  spectroscopy  to  contain  the 
cat*on  ari^  as  t^ie  Pr*nc*Pa'  anion. 

■/ 

The  H.O  -HF-BIF_  System..  Bismuth  pentaf luorlde  (10.68  mmol),  KF  (391*  mmol), 

£ z 2 

and  H202  (10.15  mmol)  were  combined  In  a passivated  Teflon  ampoule  In  a manner 
analogous  to  that  described  for  the  preparation  of  H^O^bFg.  The  mixture  was 
warmed  from  -196°  to  ambient  temperature.  During  the  warm-up  operation  gas 
evolution  was  observed  which  was  accompanied  by  the  formation  of  a copious 
white  precipitate  which  showed  little  solubility  In  HF  at  ambient  temperature. 

Bands  due  to  either  BIFg  ^ or  BiFj.^’^2  (both  are  strong  Raman  scatterers)  could 
not  be  detected  in  the  Raman  spectra  of  either  the  liquid  or  the  solid  phase. 

The  evolved  gas  was  removed  from  the  ampoule  at  -196*  and  consisted  of  10.1 

mmol  of  09.  The  material  volatile  at  20°  was  pumped  off,  leaving  behind  2.897g 

^ 3 23 

of  a white  solid  which  was  Identified  by  vibrational  spectroscopy  as  BIF^  * 

(weight  ealed  for  10.68  mmol  BiF^  2.8Alg). 

When  BIFj.  and  H202  In  a mole  ratio  of  2:1  were  combined  In  a similar  manner 
In  anhydrous  HF  solution,  the  weight  of  the  resulting  white  stable  solid  product 
closely  corresponded  to  that  expected  for  BlF^'BIFj.  The  product  was  characterized 
by  vibrational  spectroscopy  which  showed  It  to  be  an  adduct  and  not  a simple 
physical  mixture  of  BIF^  and  BIF^. 

Results  and  Discussion 

Synthesis.  Based  on  the  observed  material  balances,  H202  Is  protonated  In 
HF-MF^  (M*As,  Sb)  solutions  according  to 

H202  + HF  + MF5 «302HFg 

2+ 

No  evidence  was  found  for  double  protonation,  t.e.  formation,  even  when 

SbF^  was  used  In  a twofold  excess,  instead,  the  polyanlon  Sb^j  was  formed 
according  to 

H202  + HF  + 2SbFg — 
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It  Is  Interesting  to  compare  these  results  with  those  previously  reported 
for  the  N2Hi#-HF-TaFg  system  for  which  double  protonatlon,  I.e.  (TaFg)^ 

and  N2^6^+  formation,  has  been  observed.  Although  other  effects,  such 

as  the  relative  solubilities  of  the  possible  products,  are  certainly  Important, 
the  predominant  reason  for  the  exclusive  single  protonatlon  of  appears 
to  be  its  Increased  acidity.  Whereas  Is  a weak  base  In  aqueous  solution 

(pKg-5.77),  H202  Is  a weak  add  (pK^-11.6).  With  Increasing  protonatlon,  the 
acidity  of  the  resulting  cations  further  increases  and  N2H*  (pKa*6.1)  becomes 
a weak  and  N-H,2+  (pK  ■-!)  a strong  acid.2*1*2'’  Whereas  N.H_+  has  an  acidity 

comparable  to  that  of  H,S(pK«7)  which  Is  known3*  to  form  stable  H.S  salts, 

+ 1 8 2+  ^ 

H^02  Is  too  acidic  to  undergo  further  protonatton  to  H^02  . 

Attempts  were  unsuccessful  to  prepare  salts  derived  from  BIFg. 

The  latter  Is  a relatively  strong  oxidizer  and  Is  readily  reduced  by  H202  In  HF 
solution  according  to 

BIFg  + H202 ►BIFj  ♦ 2HF  •*■  02 

When  a twofold  excess  of  BIFe  was  used,  the  following  reaction  was  observed 

b 

2BIF-  + H_0. a-BIF  «BIF-  + 2HF  * 0. 

5 2 2 3 5 ~ 2 

The  resulting  BlFj'BIF^  product  was  shown  by  vibrational  spectroscopy  (Ra:  591(10), 

583  (*.6),  538  (1.5),  521  (0.1),  4*96  (0.6),  1*75  sh,  232  (0.5)br,  120  (0.2)  br; 

IR:  708w,  615  s,  606  sh,  575  s,  550  sh,  535  vs,  1*00-500  m vbr)  not  to  be  a physical 

mixture  of  BIF.^’2^  and  BIF_.  2^ *22  By  analogy  with  the  known  BIF,-SbF_  and 
* 2^-28  ^ 

SbF  -SbF_  systems,  a BtF_->BIFc  type  adduct  appears  most  plausible.  However, 
ob  0 b 27  28 

In  view  of  the  complexity  of  the  products  formed  In  the  SbF^-SbFg  system,  * 

a detailed  characterization  of  this  BIFj»BIF,.  adduct  was  beyond  the  scope  of 

this  study. 

Properties.  The  HjOjSbFg,  H302Sb2Pir'  *nd  H3°2A,F6  *®*ts  *r®  wh*tc 
crystalline  solids.  X-ray  powder  patterns  were  taken  for  H^O^S^F^,  but  contained 

too  many  lines  to  allow  Indexing,  All  these  H,ot  salts  are  of  marginal  thermal 

3 2 i { \ 

stability  and  were  shown  to  undergo  exothermic  decomposition  to  the  well  known 

H,0+  salt*  according  to 
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H3°K 


h3o+hf-6 


+ 1/2  02 


Of  the  above  HjO*  salts,  the  AsFg  salt  Is  the  least  stable  and  easily  decomposes 
at  room  temperature.  The  ^j®2^^2^11  sa^  was  ^oun^  be  most  stable.  Based  on 
DSC  data,  Its  decomposition  starts  with  a small  endotherm  at  51%  followed 
by  a large  exotherm.  In  a sealed  melting  point  capillary,  decompos l t l on  accompa 
nled  by  foaming  was  observed  at  about  65*.  The  thermal  stability  of  H^SbF^ 

Is  Intermediate  between  those  of  H^OjAsFg  and  ^3®2^^2^11*  should  be 
pointed  out  that  the  thermal  stability  of  these  salts  appears  to  decrease 

In  the  presence  of  free  H2®2*  Frobably*  the  highly  acidic  salt  catalyses 

the  exothermic  decomposition  of  H.O,,  with  the  evolved  heat  promoting  the 
decomposition  of  the  salt  Itself. 


The  reaction  of  H^O*  salts  with  fluorlnatlng  agents  appeared  Interesting 
as  a potential  method  for  the  generation  of  excited  molecular  oxygen  (02*) . 

Antimony  pentaf luortde  or  SbF"  were  not  strong  enough  oxidizers  to  fluorlnate 
H,02,  and  BIF^  reacted  at  too  low  a temperature  with  H202  to  permit  Isolation 
of  the  desired  H^BlFg  salt.  Therefore,  the  concept  could  not  be  directly 
tested  to  produce  0*  by  the  simple  thermal  decomposition  of  a salt  composed 
of  H30^  and  an  oxidizing  anion.  However,  when  s61Id  H3°2Sb2Fii  was  mixed  at 
room  temperature  with  a solid  ox.tdizer,  such  as  BIF^  or  CSjNlF^,  and  when 
this  mixture  was  heated  to  about  80%  a reaction  occurred  which  was  accompanied 
by  green  (5150  %)  cheml luminescence.  This  5150  A band  did  not  exhibit  detectable 
fine  structure,  and  no  additional  bands  were  observed  over  the  range  2000-10000  A. 
Consequently,  the  5150  A emission  is  not  attributed  to  either  vibrational ly  excited 
HF  or  0*. 


Nuclear  Magnetic  Resonance  Spectra.  The  ^F  nmr  spectrum  of  HjOjSbFg*! .17  SbFj. 


was  recorded  for  a S02  solution  at  -90*. 
II 


it  showed  resonances  (4>91»  niuitiplets 


I doublet  of  doublets;  133.  quintet)  characteristic 


29 


for  Sb2Fjj. 


a weaker  doublet  at  4>  102  was  observed  which  Is  characteristic 


In  addition, 
29i 30  for 


SbFj»S02.  The  quintet  part  of  this  species  could  not  be  directly  observed  since 
It  exhibits  a chemical  shift  similar  to  that  of  the  quintet  of  SbjFj,.  The  ^ 
observation  of  some  SbF5*S02  Is  In  excellent  agreement  with  a previous  report 
that  the  highest  polyanton  observed  for  SbF^nSbF^ln  S02  solution  Is  sb2Fu* 
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with  any  remaining  SbF,.  being  converted  to  SbF,.*S02.  In  addition  to  the  signals 
due  to  Sb,F~.  and  SbF_*S0-  a weak  unresolved  signal  was  observed  at  <f>  106,  In 

Z I I Z 2q 

agreement  with  previous  observations  7 on  the  t-BuFt3.8  SbFc  system.  This  signal 

*»  31 

Is  tentatively  assigned  to  some  SbFg^HjOor  SbF^'H^O^SbFj  type  species. 

Attempts  were  unsuccessful  to  observe  the  characteristic  SbFg  signal 
In  the  ^F  WMR  spectra  of  H^SbFg  In  different  solvents.  In  SOjCIF  the 
compound  was* Insoluble.  In  either  HF  or  HF  acidified  with  AsF,.  only  a single 
peak  was  observed  due  to  rapid  exchange  between  all  fluorine  containing  species. 

In  S02  ut  -85*,  only  two  unresolved  signals  were  observed  at  ^>107  and  127  with 
an  area  ratio  of  *»:1  Indicating  the  possible  presence  of  some  (SbF_)  *H,0  type 
species.  The  failure  to  observe  SbFg  for  H^OjSbF^  in  S02  parallels  the 
previous  report  by  Bacon  and  coworkers  who  found  that,  unlike  CsSb2F||,  the 
CsSbFg  salt  Is  rather  Insoluble  In  S02  and  Sb2Fjj  Is  the  only  observable  anion 
In  this  solvent. 

The  NMR  spectrum  of  H^Sb^ j In  CH^SOCH^  solution  showed  a single 

broad  asymmetric  peak.  Its  line  width  and  chemical  shift  were  temperature 

dependent.  At  20*  Its  line  width  at  half  height  was  8l  Hz  and  8 was  II. 80 

relative  to  external  TMS  with  a shoulder  on  the  upfleld  side.  At  0*  the  line 

narrowed  to  36  Hz  and  broadened  again  at  -60°  to  72  Hz.  With  decreasing 

temperature  the  line  became  more  symmetric  and  shifted  downfleld  (812.20  at 

-60*).  The  failure  to  observe  two  different  types  of  protons  and  the  variation 

of  the  observed  line  widths  Indicate  rapid  proton  exchange  for  The 

assignment  of  the  observed  signal  to  H^02  Is  supported  by  Its  large  downfleld 

shift.  For  comparison,  99*  pure  exhibits  between  20  and  -30°  a chemical  shift 

of  £10.3  relative  to  external  TMS.  On  protonation,  this  signal  Is  expected  to  be 

32 

shifted  further  downfleld,  as  has  previously  been  demonstrated  for  numerous  ether 
species.  The  signal  assigned  to  H,02  also  occurs  slgnlfclantly  downfleld  from  those 
previously  reported  for  H^O4’'*32'33  and  SbFj'HjO  3'  and  therefore  cannot  be  due 
mainly  to  these  species. 

In  HF-AsF,  solution  at  -80*,  only  a single  broad  stgnal  at  8 11.06  was 
observed  for  Indicating  p*pld  proton  exchange  between  H^Oj  and  the 

HF  solvent.  In  S02  solutions  of  H3°2Sb2Fll*  two  ,,nes  at  ® *nd 
respectively,  were  observed  at  -80*.  The  relative  Intensity  of  the  8 9.9*» 
signal  varied  from  sample  to  sample  and  also  as  a function  of  temperature. 
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With  decreasing  temperature  the  peak  area  of  the  8 9*94  signal  decreased 
more  rapidly  than  that  of  the  8 11.84  signal. These  observations  suggest 
that  the  two  signals  cannot  belong  to  the  same  species.  By  comparison 
with  previous  reports.  * the  89.94  signal  is  assigned  to  H_0  and 
the  more  Intense  8 1 1 .84  signal  is  attributed  to  H^Oj,  In  good  agreement 
with  our  observations  for  the  CH^SOCH^  solution.  The  line  width  of  the 
811.84  signal  was  temperature  dependent  and  showed  a minimum  ('WUz)  at 
about  -60*,  but  no  splittings  could  be  observed.  With  Increasing 
temperature,  the  89.94  and  11.84  signals  moved  closer  together  indicating 
the  onset  of  chemical  exchange  between  the  two  species. 


The  observations  of  H^0+  in  the  proton  spectrum  and  possibly  of  a 
small  amount  of  an  (SbF,.)n*H20  adduct  In  the  fluorine  spectrum  suggest 
that  H^O^Sfa^F i i may  undergo  either  a redox  reaction  or  decomposition  In 
SO2  solution. 


Vibrational  Spectra.  The  Infrared  and  Raman  spectra  of  HjO^AsF^, 
H^SbF^,  and  are  shown  In  Figures  1,  2,  and  3»  respectively, 

and  the  observed  frequencies  are  summarized  In  Table  I.  For  the  thermally 
more  stable  antimonate  salts,  spectra  could  be  obtained  at  ambient 
temperature  without  the  samples  undergoing  significant  decomposition  to 
the  corresponding  H^0+  salts.  For  H^C^AsFg  only  low-temperature  spectra 
could  be  obtained. 


| The  vibrational  spectra  of  H^OjSbFg  (see  Figure  2)  showed  a pronounced 

| temperature  dependence.  At  room  temperature,  the  Raman  spectrum  (traces  C and 

I E)  exhibited  three  bands  at  667,  555,  end  282  cm”',  respectively,  characteristic 

I “1571819 

for  octahedral  SbF^.  ? when  the  sample  temperature  was  lowered, 

the  number  of  bands  due  to  SbFg  significantly  Increased,  Indicating  that  the 

symmetry  of  SbFg  became  lower  than  0^.  This  transition  was  found  to  be 

reversible  and  to  occur  close  to  room  temperature.  Similar  transitions  have 

+1  + 34  + 35 

previously  been  observed  for  the  corresponding  H^O  , D^O  , and  02 
salts.  They  can  be  attributed  to  rapid  motions  of  the  Ions  In  the  crystal 
lattice  at  room  temperature  causing  rotational  averaging.  With  decreasing 
temperature,  these  motions  are  frozen  out,  causing  the  observed  effects  of 
( ) symmetry  lowering  of  the  anions.  Since  the  symmetry  of  the  corresponding 

cations  Is  low  (no  degeneracies),  their  vibrational  spectra  are  much  less 
affected. 
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Assignments  for  the  H^0g  Cation. 


The  assignments  for  were  made 


based  on  the  following  arguments,  With  the  exception  of  the  0-0  torsional 

mode,.-  which  by  comparison  with  the  known  frequency^  of  the  corresponding 

N-0  torsion  In  the  Isoelectronlc  H-NOH  molecule  Is  expected  to  occur  below 

400  cm  ”,  all  of  the  fundamental  vibrations  of  H^O^  should  have  frequencies 

higher  than  those  of  the  anions*  The  bands  clue  to  the  anions  can  be  further 

identified  by  comparison  with  the  ambient  and  low- temperature  spectra 

+1  +7 

previously  reported  for  the  corresponding  H^O  and  salts.  In 

view  of  the  complexity  of  the  low- temperature  anion  spectra,  In  Table  1 only 
the  room  temperature  Raman  spectrum  of  rotational ly  averaged  SbFg  has  been 
assigned.  Keeping  In  mind  that  Sb2F^  spectra  strongly  depend  on  the  nature 
of  the  counter  cation,  the  room  temperature  spectrum  of  Sb^jln  H3°2Sb2Fll  1 
In  fair  agreement  with  those  previously  observed  for  this  anion  In  numerous 


other  salts. 


37-41 


Thus,  the' Intense  bands  occurring  above  800  cm** 

should  belong  to  H_ot.  By  comparison  with  the  known  trans  structure  of 
3 2^ 

isoelectronlc  H^NOH,  this  catton  should  have  the  following  structure  of 
symmetry  Cs 


H 


Consequently,  9 fundamentals  (6  A’  + 3 A")  are  expected  for  H^O*.  These 
fundamentals  should  all  be  active  in  both  the  infrared  and  the  Raman  spectra. 
Of  these,  8 should  occur  above  800  on  * (see  above).  As  can  be  seen  from 
Figures  1-3  and  Table  I,  indeed  8 bands  were  observed  in  this  frequency 
region.  An  approximate  description  of  the  fundamental  vibrations  is 
given  In  Table  II.  There  should  be  four  stretching  modes.  Three  of 
these  should  involve  hydrogen  ligands,  while  the  fourth  one  Is  the  oxygen- 
oxygen  stretching  mode. 
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The  three  hydrogen-oxygen  stretching  modes  should  occur  above  2500  cm”'. 
Thetr  assignment,  however.  Is  somewhat  complicated.  By  comparison  with  the 
known  spectra  of  related  molecules,  such  as  H-NOH,^*^  H„0, 

Lc  * * * * 

CH^OH,  andXH2  group  containing  molecules,  3 we  would  expect  the  H^O-  group 
to  exhibit  2 Intense  tnfrared  bands  In  the  OH  stretching  region.  Of  these 
two,  the  antisymmetric  stretching  mode  should  have  a frequency  50-100  cm  ' 
higher  than  that  of  the  symmetric  stretching  mode.  In  the  Raman  spectrum 
the  symmetric  stretching  mode  should  be  much  more  Intense  than  the  anti- 
symmetric one.  The  unique  -OH  stretching  mode  should  be  of  considerably 
lower  Infrared  Intensity  than  the  two  -OH^  stretching  modes. 

Inspection  of  the  Raman  spectrum  of  H.O^AsF.  shows  a very  narrow 

-1  . 

Raman  line  at  3440  cm  and  a barely  detectable  broad  line  at  3230  cm  , 

Since  the  3440  cm  ' Raman  line  shows  only  a rather  weak  Infrared  counter- 
part while  the  3230  cm”'  one  exhibits  a very  Intense  Infrared  counterpart 
and  since  no  Intense  Infrared  band  occurs  above  3440  cm”',  the  3440  cm  ' 
band  Is  assigned  to  the  unique  -OH  stretch  and  the  3230  cm”'  band  to  the 
symmetric  -0H2stretch  of  H200H+.  The  3228  cm"'  Infrared  band  exhibits  a 
shoulder  on  both  Its  high  and  Its  low  frequency  side.  Instead  of  assigning 
these  two  shoulders  to  two  separate  bands,  they  might  equally  well  be 
attributed  to  a single  broad  band  onto  which  the  sharper  3228  cm  band 
Is  superimposed.  Such  a broad  band  might  be  expected  for  the  antisymmetric 
-0H2  stretching  mode,  and  Its  center  (3275  cm"')  results  In  a frequency 
value  which  agrees  well  with  the  above  predicted  frequency  difference  between 
the  symmetric  and  the  antisymmetric  -0H2  stretching  mode.  In  the  spectrum 
of  HjOgSbFg  the  situation  Is  almost  Identical.  For  H^Sb^j j , the  Infrared 
counterpart  to  the  3435  cm”'  Raman  band  Is  also  rather  narrow  and  occurs 
at  the  very  edge  of  the  intense  and  extremely  broad  tnfrared  band.  These 
observations  seem  to  support  our  assignments,  although  It  Is  not  obvious  why  the 
Raman  line  for  the  unique  -OH  stretch  should  be  so  much  sharper  than  that  for  the 
symmetric  -0H2  stretch.  If  the  -OH  stretch  and  the  symmetric  -0H2  stretch 
would  have  comparable  Raman  line  widths,  the  latter  should  have  a greater 
peak  height  than  the  -OH  stretch  and  should  be  easily  observed. 

Whereas  the  modes  Involving  mainly  0-H  bonds  should  be  of  low  Raman 
and  of  high  Infrared  Intensity,  the  0-0  stretching  mode  should  be  quite 
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Intense  In  the  Raman  spectrum  and  occur  In  the  frequency  range  800-1000  cm. 

It  ts  therefore  assigned  to  the  strong  Raman  line  occurring  In  all  samples 
between  868  and  880  cm  '.  As  expected,  this  band  shows  a counterpart  of 
medium  Intensity  In  the  Infrared  spectra.  In  the  spectra  of  H^OjSbF^* 1 . 17 
SbFj.  ("H3°2Sl32Fi j")  this  hand  shows  a splitting  Into  two  components, 
separted  by  about  10  cm  '.  This  splitting  might  be  due  to  the  sample  not 
having  an  exact  1:2  stoichiometry  and  therefore  containing  a mixture  of 
different  polyantlmonates.  For  the  two  well  defined  1:1  adducts  H^O^AsFg 
and  H^OgSbFg,  no  splittings  of  this  band  could  be  detected. 

Of  the  five  deformation  modes  expected  for  H,0*  of  symmetry  C » four 

i * “1 

Involve  the  0-H  bonds  and  should  occur  In  the  frequency  range  1000-1700  cm  . 
Indeed,  four  Infrared  bands  were  observed  In  this  frequency  range  for  H^O^b^Fjj 
with  counterparts  In  the  Raman  spectrum.  Their  assignment  to  the  Individual 
modes  (see  Table  II)  was  made  by  analogy  to  those  known  for  related  molecules, 
such  as  H20,  CH30H,  CHjNHj,  and  CH^. 

The  -OH.  scissoring  mode  should  have  the  highest  frequency  and  occur 
* 

between  1500  and  1600  cm  . It  Is  therefore  assigned  to  the  band  observed 
In  most  spectra  at  about  1535  cm  '.  The  -XH.  In- plane  deformation  mode  ts 

• 9k 

usually  very  Intense  In  the  Infrared  spectrum  and  occurs  for  H^OCH^  and 

H^NOH  at  | i 50  and  1115  cm  * , respectively.  For  H^OOH*  It  Is  therefore 

assigned  to  the  strong  Infrared  band  at  about  1130  cm  '.  The  -XH.  twisting 

mode  ts  usually  very  weak  and  occurs  In  H^NNH^,  H^NOH  , and  H2NNH  at 

1260,  1297,  and  1232  cm""',  respectively.  It  ts  therefore  assigned  to  the 

medium  weak  band  observed  for  H^SbjF^  j 1228  cm”'.  There  Is  only  one 

frequency  (~1420  cm  ')  left  for  assignment  to  the  -00H  tn-plane  deformation 

mode.  This  assignment  Is  In  fair  agreement  with  the  value  of  1 3^*5  cm  ' 

45 

attributed  to  the  corresponding  -C0H  deformation  In  CH^OH. 


The  fifth  deformation  mode,  the  0-0  torsion,  ts  expected  to  occur  In 
the  300-400  cm  ' frequency  region.  Since  numerous  bands  due  to  either  the 
anion  or  anton-catlon  Interactions  occur  In  this  region,  no  assignments  are 
proposed  at  this  time  for  this  mode. 
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In  summary,  with  the  exception  of  the  0-0  torsional  mode,  all 

fundamentals  of  H„00H*  have  been  observed  and  assigned.  The  assignments 

are  summarized  In  Table  III  and  are  compared  to  those  of  tsoelectronlc 

H^NQH  an(j  h^nnh”  The  slmlarlty  of  the  vibrational  spectra  of 

H,00H+,  H.NOH,  and  H,NNH~  suggests  that  the  two  Ions  are  tsostructural 

1)2 

with  NH^OH  for  which  a trans^ structure  of  symmetry  C£  was  established 

by  microwave  spectroscopy  and  confirmed  ^ by  ab  Initio  molecular  orbital 
theory.  As  expected'  for  salts  containing  cations  with  hydrogen  ligands  and 
anions  with  fluortne  ligands,  strong  cation-anion  Interactions  were  observed. 
These  result  In  a lowering  of  the  oxygen-hydrogen  stretching  frequencies  and 
cause  splittings  of  the  anion  bands  in  the  spectra  at  low- temperature  at 
which  rotational  averaging  processes  are  frozen  out. 

Normal  Coordinate  Analyses.  Normal  coordinate  analyses  were  carried 
out  for  H200H+  and  the  Isoelectronlc  H^NOH  molecule  and  HjNNH  anion  to 
support  the  above  assignments  and  the  contention  that  the  three  tsoelectronlc 
species  are  isostructural.  Furthermore,  It  was  Important  to  establish 
whether  the  fundamental  vibration  assigned  to  the  stretching  mode  of  the 

two  central  atoms  Is  highly  characteristic  and  therefore  can  be  taken  as  a 

direct  measure  for  their  bond  strength. 

.For  the  computation  of  the  force  fields  the  vibrational  frequencies 
and  assignments  of  Table  II  were  used.  The  required  potential  and  kinetic 
energy  metrics  were  computed  by  a machine  method  using  the  geometries 
given  In  Table  III.  Since  the  frequency  of  the  x-y  torsion  mode,  Vg(A")  Is 
unknown  for  both  H200H+  and  H^NNH  and  since,  based  on  Its  expected  low 
frequency,  coupling  with  other  modes  should  be  negligible,  this  fundamental 
was  omitted  from  the  normal  coordinate  analyses.  For  H2j|0H+  and  HjNNH  , the 

bond  angles  were  assumed  to  be  Identical  to  those  known  ^ for  H^NOH,  and 

the  bond  lengths  were  estimated  by  comparison  with  those  known  for  the 
similar  H202  and  molecules.  The  bending  coordinates  were  weighted  by 

unit  (lX)  distance. 

The  force  constants  of  these  H2XYH  type  species  were  adjusted  by  trial  and 
error  with  the  aid  of  a computer  to  gtve  an  exact  fit  between  the  observed  and 
computed  frequencies.  Since  In  the  A'  block  the  X-Y  stretching  force  constant 
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Fgg  was  found  to  strongly  depend  on  the  values  of  the  stretch-bend  Interaction 
constants  F^g  and  Fgg,  the  diagonal  symmetry  force  constants  were  computed  as 
a function  of  F^g  and  Fgg.  As  can  be  seen  from  Figures  A and  5,  the  values 
of  YH  (Fjj)  and  XH2  (F22)  stretching  force  constants  are  unaffected  by  the 
choice  of  F^g  and  Fgg,  but  the  X-Y  stretch  (Fgg)  depends  strongly 

2$  the  choice  of  F^g  and  Fgg.  In  the  absence  of  additional  experimental 

data,  such  as  oxygen  Isotopic  shifts,  the  uncertainty  In  the  value  of  Fgg 

obtained  by  underdetermined  force  fields,  must  therefore  be  considered 

to  be  substantial.  In  the  absence  of  such  additional  data,  we  have  chosen 

for  the  Isoelectronlc  H^XYH  series  a force  field  which  resulted  In  a 

highly  characteristic  potential  energy  distrlbut  jn  (PED)  for  all 

fundamentals  (see  Table  IV).  The  XY  stretching  force  constants  obtained 

In  such  a manner  represent  minimal  values,  but  could  be  higher  by  as 
© 

much  as  O.k  mdyn/A  If  larger  positive  values  are  assumed  for  F^g  and  Fgg. 

A moderate  size  value  was  found  necessary  for  Fgg  to  obtain  a characteristic 
PED  for  and  Vg. 

(|Q 

In  a recent  paper,  Botschwina  and  coworkers  have  reported  a partial 
ab^Inltlo  harmonic  force  field  for  t^NOH.  Since  this  type  of  computation 
can  yield  valuable  Information  about  the  off-dlagonal  force  constants,  a 
comparison  with  the  results  of  Table  IV  appeared  Interesting.  Botschwina 
et  al.  report  a value  of  0.629  mdyn/rad  for  F*6  (using  the  force  constant  ^ 

designation  ©f  Table  IV  of  our  work)  and  predict  values  of  8.1  + 0.1  mdyn/A 

0 2 ” 
and  0.9  + 0.05  mdyn  A/rad  for  F^  and  F^g,  respectively.  The  latter  two 

values  and  the  positive  sign  of  F^g  are  In  fair  agreement  with  the  an- 

hanfionlc  force  field  of  Table  IV,  although  the  value  computed**^  for  F^g 

appears  to  be  high.  A calculation  of  a force  field  with  F^g-0.63  and  Fgg"0 

resulted  In  Vg  and  Vg  In  becoming  almost^ equal  mixtures  of  F55  and  F66  and  an 

unacceptably  high  value  of  about' 5 mdyn/A  for  F66*  Assuming  a positive 

value  for  Fgg  resulted  In  even  less  acceptable  force  constants. 

A comparison  of  the  results  of  Table  IV  shows  that  the  force  fields 
of  Isoelectronlc  H200H+,  H2N0H,  and  HjNNH-  are  Indeed  very  similar  and  suggests 
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that  all  members  of  this  series  are  lsostructural . The  small  deviations 
observed  within  the  series  (higher  values  of  Fjj,  F 22  and  for  HjNOH) 
can  be  readily  explained.  For  H2N0H,  gas  phase  frequencies  of  the 
Isolated  molecule  were  used,  whereas  In  the  H200H  and  H^NNH  salts  the 
anion-cation  Interactions  lower  the  stretching  frequencies  somewhat 
(see  above). 

The  question  whether  Vg,  the  fundamental  vibration  assigned  to  the 

stretching  mode  of  the  two  central  atoms.  Is  highly  characteristic  or  not, 

also  needed  to  be  answered.  The  fact  that  Vg  Is  of  very  high  Raman  Intensity, 

whereas  Vc  Is  barely  observable,  and  the  known  high  polarizabilities  of  the 
5 

central  atoms  relative  to  those  of  the  hydrogen  ligands,  argue  strongly  In  favor 

of  v,  being  predominate  the  0-0  stretching  mode.  Furthermore,  the  value 
o © 

of  the  0-0  stretching  force  constant  Fgg  (3.93  mdyn/A)  and  the  highly 
characteristic  nature  of  (101*  Fgg)  of  HjOOH*  are  In  excellent 
agreement  with  the  previously  reported50  findings  for  gaseous  H00H,  (F0.0“ 

3.776  mdyn/8,  V-  - 105*  F^  ).  For  solid  H00H.  a value  (F  ■ 3.999 
mdyn/A)  was  found  51  which  Is  slightly  higher  than  that  In  HjOOH  . A 
further  argument  In  favor  of  highly  characteristic  X-Y  stretching  frequencies 
In  these  and  closely  related  molecules  Is  based  on  the  vibrational  spectra 
observed  for  deuterated  molecules,  such  as  DOOD.50,5^  If  the  fundamental 
assigned  to  the  0-0  stretch  In  HOOH  would  contain  strong  contributions  from 
X-H  bending  modes.  Its  frequency  should  significantly  decrease  on  deuteratlon. 

In  summary,  It  appears  Justified  to  assume  that  the  fundamentals, 
assigned  to  the  stretching  modes  of  the  two  central  atoms  In  these  molecules 
and  Ions,  are  highly  characteristic  and  that  a highly  characteristic  PED 
might  be  a good  criterion  for  selecting  a plausible  force  field. 

Influence  of  Progressive  Protonation  on  the  Bond  Strength  of  the  Two 
Centra  1 Atoms.* "it  seemed  interesting  to  examine  how  In  an  HmXYHn  type 

species  the  replacement  of  a free  valence  electron  pair  of  a central  atom 

by  a hydrogen  ligand  Influences  the  strength  of  the  X-Y  bond.  Further 

Interest  was  added  to  this  problem  by  the  fact  that  these  X-Y  bonds  are 

single  bonds,  thus  resulting  In  hindered  rotation  and  rotational  conformers. 

In  the  literature,8,52  the  concept  has  been  advanced  that  in  a singly 

bonded  X-Y  system  the  replacement  of  a free  valence  electron  pair  on  X or 

Y by  a bonded  ligand  will  diminish  the  overall  ligand  or  electron  pair 

repulsions,  thereby  strengthening  the  X-Y  bond.  The  results  of  the  present 
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study  combined  with  previous  literature  data  offered  an  excellent 
opportunity  to  examine  the  validity  of  this  simple  repulsion  concept 
for  the  progressively  protonated  series  H00“,  HOOH,  H200H+,  which  Is 
Isoelectronlc  with  H^NH”,  followed  by  H^NNH^  H^NNH2*, 

For  this  series  the  energetically  most  favored  rotational  Isomers 
and  the  stretching  frequencies  of  the  two  central  atoms  are  summarized 
In  Table  V.  Stretching  frequencies  are  preferred  over  force  constants 
because  for  HOOH,51  H200H+  and  H2NNH”  these  frequencies  are  highly 
characteristic  and  because  of  the  lack  of  reliable  fully  determined 
force  fields  for  most  of  these  species.  In  Table  V,frequency  ranges 
are  given  for  HOOH,  H^NNH*  and  NjH^.  For  the  first  two, these  ranges 
are  caused  by  the  fact  that  the  frequencies  vary  somewhat  for  different 
phases.  For  N^,  the  large  given  range  Is  mainly  due  to  the  uncertainty 
In  the  assignment  of  the  N-N  stretching  mode  (see  footnote  k of  Table  V). 

In  spite  of  these  limitations,  inspection  of  the  listed  frequencies  reveals 
that  there  Is  a definite  X-Y  stretching  frequency  Increase  with  progressive 
protonation,  but  also  that  the  Increase  of  the  0-0  stretching  frequency 
from  H00  to  HjOOK*  (30  cm  *)  Is  much  smaller  than  that  (201  cm”1)  encountered 
for  the  HjHNH  to  H^NNH^2*  part  of  the  series. 


This  marked  difference  Is  difficult  to  explain  by  the  simple  free 
valence  electron  pair  repulsion  concept * which  should  result  In  a more 
uniform  trend  and  cannot  account  for  the  eclipsed  structure  of  H^OH.*2 
A better  explanation  for  the  observed  trends  can  be  given  based  on  the' 
following  considerations,  (I)  The  preferred  rotational  Isomers  (see  Table  V) 
Indicate  that  In  an  H^XYH^  type  species,  In  which  the  X and  Y central  atoms 
possess  free  valence  electron  pairs,  attractive  forces  exist  between  a free 
valence  electron  pair  on  one  central  atom  and  a hydrogen  ligand  bonded  to 
the  other  central  atom.  In  terms  of  molecular  orbital  theory,  this  effect 
can  be  considered  to  be  the  result  of  both  dipolar  attraction  and  back 
donation  from  lone  pair  orbitals  of  one  central  atom  Into  ant  I bonding 
orbitals  of  the  other.  ' On  the  other  hand,  free  valence  electron  pairs  on 
X are  repelled  by  free  pairs  on  Y and  the  same  holds  for  vlclr'  hydrogen 
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ligands.  These  effects  explain  the  eclipsed  configuration  «.  H.NOH,' 

C3  * 

staggered  one  of  CjHg,  and  the  gauche  onep  of  the  remaining  species.  (II) 
When  going  from  HOO  to  the  number1  of  repulsions  between  vicinal 
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llgands  (Including  the  free  valence  electron  pairs)  decreases  from  two 

for  H00  to  zero  for  H,00H  and  H.NNH  and  then  Increases  again  to  three 
2+  ^ ^ 

for  H^NNHj  . (Ill)  It  Is  known  that  for  peroxides  a weakening  of  the 

oxygen- 1 1 gand  bonds  results  In  a strengthening  of  the  0-0  bond  (F00F, 

v _ ■ 1257  cm  HOOK,  v - 864  cm  ^)57»12  an(j  vjce  versa>  Furthermore, 
oo  g 5-°°  5+ 

It  Is  known  that  the  X H polarity  of  an  X-H  bond  Increases  by  the 

addition  of  a second  H+  to  X.  This  Increase  In  bond  polarity  upon 
progressive  protonation  weakens  the  X-H  bonds  and  therefore 
should  strengthen  the  X-X  bond.  In  our  opinion,  this  polarity  effect  Is 
the  major  reason  for  the  observed  Increase  of  the  X-X  stretching  frequency 
within  this  series. 

The  fact  that  the  stepwise  Increases  within  the  series  of  Table  V 

are  small  to  the  right  of  H^XXH  and  large  to  the  left  of  It,  suggests  that 

the  attractions  between  a free  valence  electron  pair  and  a vicinal  hydrogen 

ligand  are  at  a maximum  for  H2XXH  and  counteract  the  general  polarity  effect 

caused  by  the  progressive  protonation.  This  explanation  seems  plausible 

because  both  dipole  Interaction  and  back  donation  should  decrease  the  X - H 

polarity  of  the  X-H  bond  by  transferring  electron  density  from  the  free 

valence  electron  pair  orbital  to  the  vicinal  hydrogen  ligand.  Although  this 

picture  4s  oversimplified  and  neglects  other  effects,  such  as  possible 

changes  in  hybridization.  It  can  nevertheless  qualitatively  account  for  the 

observed  trends  within  this  series.  Molecular  orbital  calculations  would 

be  desirable,  but  were  beyond  the  scope  of  this  study.  In  view  of  the 

58 

great  difficulties  encountered  with  F00F,  such  calculations  might  not  be 
trivial. 

The  above  analysis  Indicates  that  the  replacement  of  a free  valence 
electron  pair  on  one  of  the  two  central  atoms  by  a hydrogen  ligand  could 
either  decrease  £r  Increase  the  vicinal  ligand  (or  electron  pair)  repulsion. 
The  direction  of  the  effect  depends  on  whether  the  two  central  atoms  possess 
less  than  three  or  three  and  more  hydrogen  ligands.  With  less  than  three 
hydrogen  ligands,  a free  pair-free  pair  repulsion  Is  replaced  by  a free  patr- 
XH  bond  attraction,  whereas  with  three  or  more  hydrogen  ligands  an  attraction 
is  replaced  by  a vicinal  hydrogen-hydrogen  ligand  repulsion.  The  Importance 
of  the  attractive  forces  In  this  type  of  molecules  Is  in  agreement  with  the 

i(7  55 

results  from  molecular  orbital  calculations.  * 
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The  above  results  suggest  that  the  previously  proposed  * simple  free 
valence  electron  pair  repulsion  concept  applies  only  to  HmXYHn  species  with 
£nrt-n  <3.  In  these  limited  cases,  replacement  of  a free  valence  electron 
pair  by  a ligand  will  result  in  decreased  ligand-ligand  repulsion.  However 
this  decreased  repulsion  counteracts  the  polarity  effect  and  therefore  does 
not  strengthen,  but  actually  weakens  the  bond  between  the  two  central  atoms. 
Consequently,  the  simple  free  valence  electron  pair  repulsion  concept 
cannot  account,  even  in  these  limited  cases,  for  the  observed  increase  in 
the  stretching  frequency  of  the  two  central  atoms. 

The  above  results  show  that  for  a comparison,  such  as  that  given  In 
Table  V,  a large  enough  number  of  molecules  and  ions  must  be  available  to 
have  confidence  in  the  observed  trends.  Furthermore,  the  assignments  must 
be  well  established,  the  fundamental  vibrations  used  must  be  highly 
characteristic,  and  Interlonic  or  intermolecular  effects,  such  as  hydrogen 
bridging  in  ionic  solids  or  condensed  phases,  must  be  less  pronounced  than 
the  trends  to  be  observed.  Finally,  force  constants  should  be  compared 
only  if  their  differences  are  significantly  larger  than  their  uncertainties. 
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Dlagram  Captions 


Figure  1.  Vibrational  spectra  of  HjO*AsFg.  Trace  A:  infrared  spectrum  of 
the  solid  as  a dry  powder  between  Cs I disks,  recorded  at  -196°.  Trace  B: 

Raman  spectrum  of  the  solid  in  a glass  tube,  recorded  at  -100°  with  a 
spectral  slitwidth  of  8 cm  ' and  a sensitivity  of  10(^000.  Inserts  C and 
0 were  recorded  with  a spectra!  slitwidth  of  10  cm"'  at  sensitivities  of 
38QOOO  and  25(^300,  respectively. 

Figure  2;  Vibrational  spectra  of  HjO^SbFg.  Traces  A and  B:  Infrared  spectra  of 
the  solid  recorded  at  -19S*  at  two  different  sample  concentrations.  Traces  C 
and  E:  Raman  spectra  of  the  solid,  recorded  at  25*  with  spectral  slitwldths  of 
5 and  10  ' cm,  respectively.  Trace  0:  Raman  spectrum  of  the  solid,  recorded  at 

-no*. 

Figure  3.  Vibrational  spectra  of  H^O^SbjF^.  Trace  A:  Infrared  spectrum  of 
the  solid  as  a dry  powder  between  pressed  AgCl  disks.  Traces  B,  C,  and  D:  Raman 
spectra  of  the  solid,  recorded  at  25*  with  spectral  slit  widths  of  5,  10,  and 
2.5  cm  ',  respectively. 

Figure  It.  Diagonal  symmetry  force  constants  (stretching  constants^  F^ , *n<* 

F^£  in  mdyn/A  and  deformation  constants  F^,  F^,  and  In  mdyn  A/rad2)  of  the 
A'  block  of  HjOOH*  as  a function  of  the  stretch-bend  Interaction  constant  F^g 
(in  mdyn/rad).  All  the  remaining  off-diagonal  symmetry  force  constants  were 
assumed  to  be  zero. 

Figure  5.  Diagonal  symmetry  force  constants  of  the  A'  block  of  Hj00H+  as  a 
function  of  F^g. 


Isoelectronlc  H.NOH  and  H,N 


(a)  Estimated  frequency  values. 

(b)  Data  from  Ref.  M»,  but  revised  according  io  Ref.  36. 

(c)  Data  from  Ref.  46,  but  with  revised  assignments  for  and  v( 


Geometries*  Used  for  the  Normal  Coordinate  Analyses  of  the  Isoelectronlc 

H.XYH  Molecules  and  Ions 


Table  V. 


Preferred  Rotational  . Number  of  Victual  ligand ‘Repulsions  f end  Attractions  (A) 

and  Frequencies  (cm**)  of  the  Stretching  Mode  of  the  Two  Central  Atom*  of  H^NHH^4  *» 


H^NNH*  bt  H2MNH2  C,  H^NNH***,  H^OOH*  d t H0QH,«  and  HCO~  f 
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Ceometry  of  preferred  rotational  Isomer  It  bated  on  that  of  Itoelectronlc  C^H^,  ref.  5J« 
geometry  ai tuned  to  be  analogous  to  that  of  Itoelectronlc  CHjKHj,  ref.  54. 

Ref.  55. 

Ceometry  It  bated  on  that  of  Itoelectronlc  H^NOH,  ref.  42. 

Ref.  56. 


For  HOC*,  a preferred  rotational  Isomer  does  not  exist.  The  structure  Is  given  exclusively  for  didactic 
purposes. 

From  Raman  spectrum  of  ^**6^2  *n  4B*'T^rou*  ^ solution  (B.  Frlec  and  H.  H.  Hyman,  Inorg,  Cham.,  6 , 2233  (1967). 


From  Infrared  spectrin  of  solid  (H2H^)TaF^  (ref.  24). 

From  Raman  spectrum  of  K.K.C1  In  aqueous  HC1  solution  (J.  T.  Edsall,  J.  Cham..,  Phys,  225  (1937)}  see  else 
J.  C.  Declus  and  D.  P.  Pearson,  J,  Amer,  Cham.  Soc.,  ]£,  2436  (1953). 

The  astlgnments  for  the  N-N  stretching  mode  In  are  not  well  established  and  significantly  differ  for  the  gai 
and  condensed  phases  (tee  for  example  ref.  46  and  J.  R.  Ourlg,  S.  F.  Bush,  and  E.  E.  Mercer,  J.  Cham.  Phys.,  44, 
4238  (1966),  The  latter  authors  assigned  the  N-N  stretsh  In  to  bands  In  tha  1087-1126  cm  frequency 
region  which  does  not  fit  the  general  trends  listed  In  this  table). 

From  Infrared  spectrum  of  solid  NaN^Hj  (ref.  46). 

This  work 


Ref.  12 
Ref.  IP. 


v-  ■ • • M,'ir 


United  States  Patent  Office 


3,694,172 

Patented  Sept.  26,  1972 


1 

3, <94, 172 

SYNTHESIS  OF  CHLORINE  AND  BROMINE 
PERCHLORATE 

Carl  J.  Schack,  CUatsworth,  Donald  Pilipovich,  Agouru, 
and  Richard  D.  Wilson,  Canoga  Park,  Calif.,  assignor* 
to  North  American  Rockwell  Corporation 
No  Drawing.  Filed  May  25,  1970,  Ser.  No.  40,377 
tat  Cl.  COlb  11/02,11/20 

U.S.  CL  42A—  3M  19  Claims 


ABSTRACT  OF  THE  DISCLOSURE 

The  new  oxides  chlorine  perchlorate  (CIOCIO,)  and 
bromine  perchlorate  (BrOCIO,)  are  provided.  Chlorine 
l>erchlorate  is  prepared  by  the  reaction  of  cesium  per- 
ch'orate  or  nitronium  perchlorate  with  chlorine  fluoro- 
'ulfate  or  chlorine  monoiluoride.  Bromine  perchlorute 
i>  prepared  by  the  reaction  of  cesium  perchlorate  or 
litronium  perchlorate  with  bromine  fluorosulfute  or  by 
:hc  reaction  of  chlorine  perchlorate  with  elemental 
bromine. 


BACKGROUND  OF  THE  INVENTION 
( 1 ) Field  of  the  invention 

This  invention  is  in  .he  field  of  inorganic  chlorine  and 
bromine  oxides  and  to  methods  for  their  preparation. 

(2)  Description  of  the  prior  art 

The  four  known  stable  oxides  of  chlorine  are  CIjO, 
ClOj,  Cl*0«  and  CIjO,.  More  recently,  a fifth  compound 
of  limited  stability  has  been  reported  with  the  empirical 
formula  CIO,.,  and  the  postulated  composition  of 

OCICIO, 

l J.  Am.  Chem.  Soc„  89,  2795  ( 1967)  ].  The  known  stable 
oxides  of  bromine  are  Br/)  and  BrO,. 

Fluorine  perchlorate  (FOClOj)  is  a known  compound. 
This  compound  can  be  prepared  by  the  reaction  of  fluo- 
rine with  concentrated  perchloric  acid.  Fluorine  perchlo- 
rate is  highly  reactive  and  tends  to  explode  on  freezing 
and  during  other  simple  operations.  [J.  Am.  t hem.  Soc., 
69,  677  (1947).] 

SUMMARY  OF  THE  INVENTION 

The  new  oxides  chlorine  perchlorate  (CIOCIO,)  und 
bromine  perchlorate  (BrOCIO,)  are  provided.  Chlorine 
perchlorate  is  prepared  by  the  reaction  of  cesium  per- 
chlorute or  nitronium  perchlorate  with  chlorine  fluoro- 
sulfate  or  chlorine  monofluoride.  Bromine  perchlorate 
is  prepared  by  the  reaction  of  cesium  perchlorate  or 
nitronium  perchlorate  with  bromine  fluorotulfate  or  by 
the  reaction  of  chlorine  perchlor«te  with  elemental  bro- 
mine. 

Accordingly,  an  object  of  the  present  invention  is  the 
provision  of  new  chlorine  and  bromine  oxides  and  meth- 
ods for  their  preparation. 

Further  objects  will  become  apparent  upon  reading 
the  undergoing  specification  and  claims. 

DESCRIPTION  OF  THE  PREFERRED 
EMBODIMENTS 

New  Inorganic  oxides  of  the  formula  XOCIO,  are  pro- 
vided wherein  X Is  chlorine  or  bromine.  The  oxide  of  the 
formula  XOCIO,  wherein  X is  chlorine  is  chlorine  per- 
chlorate. The  oxide  of  the  formula  XOCIO,  wherein  X 
is  bromine  is  bromine  perchlorate.  These  inorganic  oxides 
arc  prepared  by  reacting  a perchlorate  of  the  formula 
MCIO,  wherein  M is  cesium  or  nitronium  with  a fluoro- 
sulfate  of  the  formula  XSO,F  wherein  X ii  chlorine  or 
bromine.  This  reaction  is  depicted  as  follows: 

MC104+XS0*F-s  MSO,F+XOCK), 

I 


2 

Chlorine  perchlorate  is  produced  at  a temperature  of 
about  —20  to  —80*  C.  when  the  fluorosulfate  is  chlorine 
fluorosulfute.  This  reaction  is  preferably  conducted  at  a 
temperature  of  about  —35  to  —45°  C.  Bromine  per- 
chlorute is  produced  at  a temperature  of  about  —20  to 
—30*  C.  when  the  fluorosulfute  is  bromine  fluorosulfate. 
This  reaction  is  preferably  conducted  at  a temperature  of 
about  —25*  C. 

The  chlorine  and  bromine  perchlorate  preparative  re- 
action is  essentially  complete  in  about  24  to  96  hours, 
however,  longer  reaction  timet  are  preferred  in  order 
to  ensure  complete  consumption  of  the  fluorosulfate 
since  its  vapor  pressure  and  that  of  chlorine  perchlorate 
and  bromine  perchlorate  are  too  close  to  allow  separa- 
tion by  a fractionation  procedure.  For  the  same  reason, 
it  is  preferred  that  the  perchlorate  MCIO,  be  employed 
in  excess  of  the  quantity  theoretically  required  for  com- 
plete reaction.  At  least  5%  by  weight  excess  perchlorate 
should  be  employed  and  preferably  about  10  to  20%. 
The  reaction  occurs  in  high  yield,  for  example,  in  the 
range  of  75  to  95%  of  the  theoretical  yield. 

Chlorine  perchlorate  can  also  be  prepared  by  reacting 
cesium  or  nitronium  perchlorate  with  chlorine  mono- 
fluoride r.t  a temperature  of  about  —45  to  —78*  C. 
This  reaction  is  depicted  as  follows: 

MCIO«+ClF-r  MF +CIOC10, 

wherein  M is  cc*‘  or  nitronium.  It  is  preferred  that  a 
large  excess  of  chlorine  monotiuoride  be  employed  over 
the  quantity  of  chlorine  monofluoride  theoretically  re- 
quired for  complete  reaction.  It  is  preferred  to  employ 
a 3 to  5 fold  excess.  The  reaction  is  preferably  conducted 
at  a temperature  of  about  —78*  C.  The  yields  from  this 
reaction  are  low  (approximately  5% ). 

Bromine  perchlorate  can  also  be  prepared  by  reacting 
elemental  bromine  with  chlorine  perchlorate  at  a tem- 
perature of  about  —35  to  —78*  C.  The  reaction  Is  pref- 
erably conducted  at  a temperature  of  about  —35  to 
— 45*  C.  This  reaction  is  depicted  as  follows: 

Br,+2CIOCIOj-+Cl,+2BrOC103 

This  reaction  proceeds  quantitatively  and  yields  a purer 
product  than  the  corresponding  fluorosulfute  reaction  for 
the  preparation  of  bromine  perchlorate. 

Chlorine  perchlorate  is  a pale  yellow  liquid  and  nearly 
white  when  frozen.  It  is  stable  for  limited  periods  of  time 
at  room  temperature  in  clean,  J.y  prepassivated  stainless 
steel  or  perhalopenated  plastic  equipment.  Storage  nt 
—45*  C.  in  stainless  steel  cylinders  has  resulted  in  less 
than  1%  decomposition  per  week  over  a 12  week  period. 
Products  of  this  low-temperature  decomposition  are  Cl* 
O,  and  Cl/),  which  are  readily  separated  from  the  chlo- 
rine perchlorate.  The  overall  stability  of  chlorine  per- 
chlorate approaches  that  of  the  four  known  stable  oxides 
of  chlorine. 

Bromine  perchlorate  is  a red  liquid  which  freezes  below 
—78*  C-  It  is  unstable  at  ambient  temperature  and  de- 
composes slowly  at  approximately  —20*  C. 

Chlorine  perchlorate  and  bromine  perchlorate  can  he 
reacted  with  anhydrous  metal  chlorides  (e.g„  anhydrous 
potassium  chloride)  to  form  the  respective  anhydrous 
metal  perchlorate  (e.g.,  anhydrous  potassium  perchlo- 
rate) and  the  easily  separated  by-product  chlorine.  Be- 
cause of  their  tow  melting  points,  the  reaction  of  chlorine 
perchlorate  and  bromine  perchlorate  with  anhydrous 
metal  chlorides  can  be  carried  out  at  temperatures  of 
about  -78*  C.  thereby  enabling  close  control  of  the  reac- 
tion. The  ability  of  chlorine  perchlorate  and  bromine  per- 
chlorate to  participate  in  these  anhydrous  metal  chloride 
reactions  without  added  solvent  makes  the  compounds 
particularly  useful.  Chlorine  perchlorate  and  bromine  per- 
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chlorate  can  also  be  reacted  with  gaseous  hydrogen  chlo- 
ride and  hydrogen  bromide  at  about  —78*  C.  to  form  an- 
hydrous perchloric  acid  and  the  easily  separated  by-prod- 
ucts chlorine  and  bromine,  respectively.  Anhydrous  per- 
chloric acid  can  be  prepared  in  this  manner  without  the 
complications  often  encountered  in  the  conventional  prep- 
aration wherein  the  explosive  by-product  Cl,07  is  gener- 
ated. In  general,  chlorine  perchlorate  and  bromine  per- 
chlorate can  be  used  in  analogous  manner  to  other  oxides 
of  chlorine,  for  example,  in  water  treatment  and  purifica- 
tion. 

EXAMPLE  1 


.6 


10 


A 30  ml.  stainless  steel  cylinder  was  loaded  with  2.43  g. 

( 10.5  mmol)  of  cesium  perchlorate  (CsClO«).  After  evac- 
• nation,  chlorine  fluorosulfate  (CISOjF)  (218  cm.*,  9.73  '•* 
mmol)  was  condensed  into  the  cylinder  at  —196*  C.  The 
reaction  was  allowed  to  proceed  by  maintaining  the  cylin- 
der at  approximately  —45*  C.  for  44  days.  The  products 
were  separated  by  fractional  condensation  in  U traps 
cooled  to  —78,  —112  and  —196*  C.  Little  or  no  gases 
not  condensable  at  —196*  C.  were  found.  The  —196*  C. 
fraction  (8.0  cm.*,  0.36  mmol)  was  primarily  elemental 
chlorine  with  a small  amount  of  aulfuryl  fluoride  (SO,F,), 
while  the  —78*  C.  fraction  was  negligibly  small.  Pure 
chlorine  perchlorate  (CIOCIO,)  (207  cm.*,  9.24  mmol) 
was  retained  at  — 1 1 2 * C.  The  yield  was  95% . 

EXAMPLE  2 

A similar  reuct'on  to  Example  1 using  nitronium  per- 
chlorate (NOjCIO*)  (2,0  g.,  13.7  mmol)  and  chlorine  3<! 
fluorosulfate  (200  cm.*,  8.93  mmol)  produced  chlorine 
perchlorate  (170  cm.*,  7.59  mmol)  in  82%  yield  after  12 
days. 

The  solid  products  from  the  reactions  in  Examples  1 
and  2 were  identified  as  cesium  fluorosulfate-cesium  per-  32 
chlorate  (CsSO,F-CsC10«)  and  nitronium  fluorosulfate- 
nitronium  perchlorate  (NO^O,F-NO,CI04)  mixture*  by 
their  infrared  spectra. 

Values  for  the  molecular  weight  of  chlorine  perchlorate 
as  determined  by  gas  density,  assuming  ideal  gas  behavior, 
were  133.  135,  134  (calculated  135).  The  vapor  pressure 
of  chlorine  perchlorate  over  the  temperature  range  —47* 

C.  to  21*  C.  is  |T  (*  C.),  P (mm.)l : -46.8,  8;  -31.3, 

;'.l;  -24.2.  32;  0.0,  119;  5.0,  150;  11.2,  202;  18.9,  283; 
20.9.  305.  The  vapor  pressure-temperature  relationship  is 
described  by  the  eouation  log  Pmm”7.8l56-f  568.0/t.  * K. 

The  normal  boiling  point  calculated  from  the  equation  is 
44.5*  C.,  with  a heat  of  vaporization  of  7.17  kcal./mole 
and  a Trouton  constant  of  22.6.  Samples  of  chlorine  per- 
chlorate frozen  as  a ring  in  the  upper  part  of  a Teflon  tube  60 
were  observed  to  melt  at  — 1 17±2*  C.  The  densities  meas- 
ured in  a Pyrex  pycnometer  at  —78.8,  0.0  and  21.2*  C. 
were  1.98,  1.82,  and  1.75  g./ml.  Over  this  temperature 
range  the  density  a is  given  by  the  equation;  s— 1.806- 
2.30  x 10—*  t.  * C.  The  infrared  spectrum  was  recorded  in  53 
stainless  steel  or  trifluorochloroethylene  cells  fitted  with 
silver  chloride  windows  over  the  range  4000-400  cm.-*  at 
a variety  of  pressures.  The  principal  bands  observed  were: 

1282  (v.s.),  1041  (s.),  732  (w.),  661  (sh,),  652  (s.),  585  ^ 
(th.),  574  (sh.),  561  (m.)  and  511  (w.)  cm.-*.  M 

EXAMPLE  3 


A similar  reaction  to  Example  3 using  bromine  fluoro- 
sulfate (1.5  g„  8.44  mmol)  and  cesium  perchlorate  (3  g. 
12.9  mmol)  instead  of  nitronium  perchlorate  yielded 
bromine  perchlorate. 


EXAMPLE  5 

A prepassivated  30  ml.  stainless  steel  cylinder  was 
loaded  at  —196*  C.  with  elemental  bromine  (Bra)  (1.36 
mmol)  that  had  been  dried  over  phosphorus  pentoxide 
(PjOs)  and  then  chlorine  perchlorate  (2.76  mmol).  The 
closed  cylinder  was  left  at  —45*  C.  for  five  days.  After 
recooling  first  to  —78*  C.  and  later  at  —64*  C,  the  mate- 
rial which  was  volatile  at  those  temperatures  was  pumped 
out  and  trapped  at  —78*,  —112*  and  —196*  C.  The 
trapped  material  consisted  of  chlorine  (1.38  mmol),  chlo- 
rine perchlorate  (0.04  mmol)  and  bromine  perchlorate 
( —0. 1 mmol),  respectively,  as  indicated  by  vapor  pressure 
and/or  infrared  spectra.  The  product  bromine  perchlorate 
(0.469  g.,  2.61  mmol)  was  identified  by  elemental  analy- 
sis and  infrared  spectrum. 

Wc  claim; 

1.  A compound  of  the  formula  XOCIO,  wherein  X is 
chlorine  or  bromine. 

2.  The  compound  of  claim  1 in  which  X is  chlorine. 

3.  The  compound  of  claim  1 in  which  X is  bromine. 

4.  A method  for  preparing  chlorine  perchlorate  of  the 
formula  CIOCIO,  comprising  reacting  a perchlorate  of 
the  formula  MCIO4  wherein  M is  cesium  or  nitronium 
with  chlorine  fluorosulfate  of  the  formula  ClSO,F  at  a 
temperature  of  about  —20  to  —80*  C. 

5.  The  method  of  claim  4 in  which  the  temperature  is 
about  —35  to  —45*  C. 

6.  The  method  of  claim  4 in  which  the  perchlorate  of 
the  formula  MCIO4  is  employed  in  excess  of  the  quantity 
theoretically  required  for  complete  reaction  with  chlorine 
fluorosulfate. 

7.  The  method  of  claim  6 in  which  at  least  5%  by 
weight  excess  perchlorate  is  employed. 

8.  The  method  of  claim  6 in  which  about  10  to  20% 
by  weight  excess  perchlorate  is  employed. 

9.  A method  for  preparing  bromine  perchlorate  of  the 
formula  BrOCIO,  comprising  reacting  a perchlorate  of  the 
formula  MCIO4  wherein  M is  cesium  or  nitronium  with 
bromine  fluorosulfate  of  the  formula  BrSO,F  at  a tem- 
perature of  about  —20  to  —30*  C. 

10.  The  method  of  claim  9 in  which  the  temperature  is 
about  -25*  C. 

It.  The  method  of  claim  9 in  which  the  perchlorate  ot 
the  formula  MCIO4  is  employed  In  excess  of  the  quantity 
theoretically  required  for  complete  reaction  with  chlorine 
fluorosulfate. 

12.  The  method  of  claim  11  in  which  at  least  5%  by 
weirnt  excess  perchlorate  is  employed. 

13.  The  method  of  claim  11  in  which  about  10  to  20% 
by  weight  excess  perchlorate  is  employed. 

14.  A method  for  preparing  chlorine  perchlorate  of 
the  formula  CIOCIO,  comprising  reacting  a perchlorate  of 
the  formula  MCIO4  wherein  M is  cesium  or  nitronium  with 
chlorine  monofluoride  at  a temperature  of  about  —45  to 


A prepassivated  30  ml.  stainless  steel  cylinder  was 
loaded  with  nitronium  perchlorate  (2  g.,  13.8  mmol)  in 
the  dry  box.  A less  than  equimolar  amount  of  bromine  33 
fluorosulfate  (BrSO,F)  (2.1  g.,  11.8  mmol)  was  then 
condensed  into  the  cylinder  from  the  vacuum  tine  and 
the  reaction  allowed  to  proceed  at  —20*  for  five  days. 

The  volatile  products  were  separated  by  fractional  con- 
densation In  U traps  cooled  to  —45,  —64  and  —196*  C.  70 
Unreacted  bromine  fluorosulfate  was  retained  at  —45* 

C.  while  the  trap  cooled  to  -196*  C.  contained  only  a 
small  amount  of  the  by-products  chloryl  fluoride  (FCIOt) 
and  pcrchloryl  fluoride  (FCIO,).  Bromine  perchlorate 
was  trapped  at  —64’  C.  78 


- /8*  C. 

15.  The  method  of  claim  14  in  which  the  temperature  is 
about  — 78  *C. 

16.  The  method  of  claim  14  in  which  chlorine  mono- 
fluoride  is  employed  in  excess  of  the  quantity  theoretically 
required  for  complete  reaction  with  the  perchlorate  of  the 
formula  MCtCL. 

17.  The  method  of  claim  16  in  which  a 3 to  5 fold  ex- 
cess of  chlorine  monofluoride  is  employed. 

It.  A method  for  preparing  bromine  perchlorate  of  the 
formula  BrOCIO,  comprising  reacting  bromine  with  chlo- 
rine perchlorate  of  the  formula  CiOCiO$  at  a temperature 
of  about  —35  to  —78*  C. 
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19.  The  method  of  claim  IS  in  which  the  temperature 
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ABSTRACT  OF  THE  DISCLOSURE 
This  application  discloses  new  processes  for  the  prepara- 
tion of  chlorine  fluorosulfate  and  bromine  (1)  fluorosul- 
fate.  Chlorine  fluorosulfate  is  prepared  by  the  reaction 
of  chlorine  monofluoride  with  cuifur  trioxide.  Bromine  id 
(I)  fluorosulfate  is  prepared  by  the  reaction  of  bromine 
with  chlorine  fluorosulfate. 


BACKGROUND  OF  THE  INVENTION  2() 

(1)  Field  of  the  invention 

This  invention  is  in  the  field  of  inorganic  chemistry 
and  particularly  in  the  field  of  halogen  fluorosulfates. 

(2)  Description  of  the  prior  art  20 

Chlorine  fluorosulfate  and  bromine  (I)  fluorosulfate 
are  known  compounds.  These  halogen  fluorosulfates  have 
previously  been  prepared  by  the  reaction  of  peroxydisul- 
furyl  difluorido  (SjO*F,)  with  the  appropriate  halogen. 
More  specifically,  chlorine  fluorosulfate  has  been  pro-  30 
duced  by  the  combination  of  chlorine  with  peroxydisul- 
furyl  difluoride  at  about  125*  C.  [Inorg.  Chem.,  2,  496 
(1963)1  and  bromine  (1)  fluorosulfate  has  been  pre- 
pared by  treating  peroxydisulfuryl  difluoride  with  excess 
bromine  at  room  temperature  (J.  Am.  Cbem.  Soc*  82,  36 
352  (I960)].  It  has  been  reported,  however,  that  (he  use 
of  peroxydisulfuryl  difluoride  may  be  hazardous  if  the 
potentially  explosive  impurity,  fluorine  fluorosulfate,  is 
not  completely  removed  [Cbem.  Eng.  News,  44  (8),  ,0 
40  (1966)]. 

Bromine  has  been  observed  to  react  with  excess  fluorine 
fluorosulfate  at  room  temperature  to  form  a liquid  product 
having  the  empirical  formula  Bta.3SO,Fi  [Inorg.  Chem* 
2,496  (1963)]. 

Chlorine  monofluoride  has  been  shown  to  react  in  a 
variety  of  ways.  For  example,  it  can  function  as  either 
a lewis  acid  forming  the  CIF|~  anion  or  a Lewis  base 
forming  the  CljF+  cation.  In  addition,  it  can  act  as  • 
chlorinating  agent  [Inorg.  Chem.,  6,  1938  (1967);  ibid* 

7,  1)86  (1968)],  a fluorinating  agent  [Angew.  Chem.,  60 
76,  385  (1964)]  or  a chlcrofluorinating  material.  The 
latter  form  of  reaction  can  be  either  catalyzed  [J.  Am. 
Chem.  Soc*  91,  2902  (1969);  ibid*  91,  2907  (1969)]  or 
uncatalyzed  [Advan.  Fluorine  Chem.,  1,  18  (I960)].  ^ 

SUMMARY  OF  THE  INVENTION 

An  object  of  the  present  invention  is  the  provision  of 
improved  processes  for  the  preparation  of  chlorine  fluoro- 
sulfate  and  bromine  (I)  fluorosulfate.  Further  objects  will 
become  apparent  upon  reading  the  undergoing  specifics-  4° 
lion  and  claims. 

Chlorine  fluorosulfate  is  prepared  in  accordance  with 
the  present  invention  by  the  reaction  of  chlorine  mono- 
fluoride  with  sulfur  trioxide.  This  reaction  is  preferably 
conducted  at  about  room  temperature  using  about  10  33 
mol  percent  excess  chlorine  monofluoride.  Bromine  (I) 
fluorosulfate  is  prepared  in  accordance  with  the  present 
invention  by  residing  bromine  witb  chlorine  fluorosulfate. 
This  reaction  is  conveniently  conducted  at  about  room  70 
temperature  using  about  a 1 ; i to  2: 1 mole  ratio  of  chlo- 
rine fluoroeulfate  to  bromine. 


2 

DESCRIPTION  OF  THE  INVENTION 

It  has  been  found  that  the  reaction  of  chlorine  mono- 
fluoride  and  sulfur  trioxide  produces  chlorine  fluorosulfate 
in  excellent  yield.  This  reaction  can  be  represented  as 
follows:  SOj4-ClF-*CIOSOaF.  The  reaction  sequence  is 
an  improvement  over  the  previously  reported  preparation 
of  chlorine  fluorosulfate  from  chlorine  and  peroxydisul- 
furyl difluoride  since  the  potentially  explosive  impurity 
fluorine  fluorosulfate  is  never  present  and  since  the  re- 
action can  be  conducted  at  about  room  temperature.  In 
contrast  to  the  reaction  of  chlorine  monofluoride  with 
thionyl  fluoride  (SOFa)  to  prepare  thionyl  tetrafluorlde 
(SOF4)  and  the  reaction  of  chlorine  monofluoride  with 
sulfur  dioxide  to  prepare  sulfuryl  chloride  fluoride 
(CISOgF)  which  only  involve  attack  on  the  sulfur  central 
atom,  the  reaction  of  chlorine  monofluoride  with  sulfur 
trioxide  results  in  addition  across  one  of  the  S=0  double 
bonds.  Additionally,  although  the  catalyzed  conversion 
of  thionyl  tetrafluoride  to  chloroxysulfurpentafluoride 
(SF»OCI)  by  chlorine  monofluoride  involves  addition 
across  one  of  the  S— O double  bonds  of  thionyl  tetra- 
fluoride, the  present  reaction  is  the  first  example  of  the 
uncatalyzcd  addition  of  chlorine  monofluoride  to  an 
S=0  group. 

The  reaction  of  chlorine  monofluoride  and  sulfur  tri- 
oxide can  conveniently  be  conducted  at  a temperature  of 
about  —45  to  100*  C.;  however,  this  reaction  is  prefer- 
ably conducted  at  a temperature  of  about  0 to  30*  C. 
The  chlorine  fluorosulfate  preparative  reaction  is  usually 
essentially  complete  in  an  hour  or  less  but  longer  re- 
action times  can  be  employed  if  desired.  While  equimolar 
quantities  of  chlorine  monofluoride  and  sulfur  trioxide 
can  readily  be  employed,  it  is  preferred  that  chlorine 
raonofluoride  be  employed  in  excess  of  the  quantity  theo- 
retically required  for  complete  reaction.  It  is  generally 
preferred  to  employ  about  10  mole  percent  excess  chlorine 
monofluoride.  However,  the  quantity  of  excess  monofluo- 
ride employed  is  not  critical  and  large  excesses  (e.g.,  100 
mole  percent  excess)  can  be  used  if  desired.  The  chlorine 
fluorosulfate  product  is  obtained  in  nearly  quantitative 
yield  and  can  be  readily  purified  by  vacuum  fractionation 
or  distillation. 

It  has  been  found  that  the  reactiou  of  bromine  and 
chlorine  fluorosulfate  produces  bromine  (I)  fluorosulfate 
in  excellent  yield.  This  reaction  can  be  represented  as  fol- 
lows: Brj-^ClOSOjF-sCla+BrOSOjF.  As  with  respect 
to  the  preparation  of  chlorine  fluorosulfate  in  accordance 
with  the  present  invention,  the  present  process  represents 
an  improvement  over  the  previously  reported  preparation 
of  bromine  (I)  fluorosulfate  from  bromine  and  peroxy- 
disulfuryl difluoride  since  the  potentially  explosive  im- 
purity fluoride  fluorosulfate  is  never  present.  In  contrast 
to  the  previously  reported  reaction  of  bromine  with  ex- 
cess fluorine  fluorosulfate  to  form  the  adduct  Brj.3SOtFj, 
the  present  process  results  in  the  replacement  of  the 
chlorine  atom  of  the  chtoroxy  group  of  chlorine  fluoro- 
sulfate  witb  bromine. 

The  reaction  of  bromine  with  chlorine  fluorosulfate  is 
conveniently  conducted  at  a temperature  of  about  —45* 
to  80*  C.;  however,  this  reaction  is  preferably  conducted 
at  a temperature  of  about  0 to  30*  C.  The  bromine  (I) 
fluorosulfate  preparative  reaction  is  essentially  complete 
in  about  2 to  4 hours:  however,  it  is  preferred  to  allow 
the  reaction  to  proceed  for  a longer  period  of  time  (e.g* 
about  8 hours).  While  equimolar  quantities  of  bromine 
and  chlorine  fluorosulfate  can  readily  be  employed,  it  is 
preferred  that  bromine  and  chlorine  fluorosulfate  be  em- 
ployed in  about  a 1:2  mole  ratio.  When  equimolar  quan- 
tities of  reactant  are  used,  the  resulting  reaction  will  be 
represented  as  follows:  Br,+C10SO,F-*BrCl4-BrOSOjF. 
Although  the  reaction  can  be  run  employing  more  than 
a 2:1  mole  ratio  of  chlorine  fluorosulfate  to  bromine,  this 
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is  generally  not  preferred  since  a large  excess  of  chlorine 
flnorosulfaic  may  result  in  the  formation  of  bromine  (HI) 
fluoroxulfate  I itr( OSOaF)jl  rather  than  BrOSOjF.  The 
bromine  (I)  tluoro-ulfaic  product  is  obtained  in  nearly 
quantitative  yield  and  can  be  readily  purified  by  vacuum  fi 
fractionation  or  distillation. 

The  reactions  of  the  present  invention  can  conveniently 
be  conducted  by  condensing  the  readmit*  into  prepas- 
sivated cylinders  (c.g.,  stainless  steel  cylinders)  and  al- 
lowing the  cylinders  to  warm  to  room  temperature  or,  if  l(( 
required,  heating  cylinders  to  the  reaction  temperature, 

Chlorine  and  bromine  (I)  fluorosuifate  are  useful, 
among  other  tilings,  os  lluorosiilfating.  agents.  For  exam- 
ple. they  will  teael  with  addition  across  the  double  bonds 
of  huloolelins  in  nearly  quantitative  yield.  For  example, 
chlorine  flitorosiilfnle  will  combine  with  (e'r.illuoroothyl- 
cne  to  form  J-.hlorot.'trafluoroethyl  lluoro-uiluic  | Inore. 
Chcm.,  2,  496  (1963)],  Additionally,  the  defluorosul- 
ftirylalion  of  the  addition  products  of  chlotinc  or  bro- 
mine (1)  fluorosuifate  with  halooleiias  leads  to  fluoro-  20 
carbon  acyl  fluorides  or  ketones.  Another  example  of  the 
fluorosulfating  capability  of  these  compounds  is  the  reac- 
tion of  bromine  (1)  fluorosuifate  with  sulfur  dioxide  to 
give  trisulfuryl  liuotide  (S,0»F3).  The  oxygenating  ca- 
pability of  these  compounds  is  further  illustrated  by  the  26 
reaction  of  bromine  (1)  fluorosuifate  with  phosphorus 
trifluoride  to  yield  phosphoryl  fluoride  llnorg.  Chem.,  3, 
2184  (1966)1. 

The  following  non-limitative  examples  illustrate  the  in- 
vention: go 

EXAMPLE  1 

Sulfur  trioxide  (191  cm.1,  8.33  mmol)  and  chlorine 
monofluoride  (230  cm.1,  10.2  mrnol)  were  separately  con- 
densed into  a prepassivated  30-ml.  stainless  steel  cylinder 
cooled  to  —196°  C.  in  a liquid  nitrogen  bath.  The  cylin-  85 
der  was  slowly  warmed  to  room  temperature  and  allowed 
to  remain  at  room  temperature  for  3 hours.  The  product* 
were  separated  by  fractional  condensation  in  U-traps 
cooled  to  -78.  -95,  -142  and  -196*  C.  The  -142 
and  —196*  C.  fractions  consisted  of  unreacted  chlorine  40 
monofluoride  with  small  amounts  of  chlorine  and  SOjFj. 
The  other  fractions  contained  the  pale  yellow  produet 
chlorine  fluorosuifate  in  greater  than  90 % yield  based 
on  the  amount  of  sulfur  trioxide  used. 

EXAMPLE  2 

Bromine  (180  cm.1,  8.C4  mmol)  and  chlorine  fluoro- 
sulfate  (371.6  cm.1,  16.6  mmol)  were  separately  con- 
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densed  into  a prcpaisivatcd  30-mi.  stainless  steel  cylinder 
cooled  to  —196*  C.  in  a liquid  nitrogen  bath.  The  cylin- 
der was  slowly  warmed  to  room  temperature.  The  reac- 
tion was  allowed  to  proceed  by  maintaining  the  cylinder 
at  room  temperature  for  1 day.  The  products  were  sep- 
arated by  fractional  condensation  in  U-trap*  cooled  to 
-45,  -78  and  -196*  C.  The  -196*  C.  fraction  (192 
cm.1,  8.57  mmol)  was  identified  as  nearly  pure  chlorine 
contaminated  only  slightly  with  SgOgF,.  The  trap  cooled 
to  —78*  C.  was  completely  empty  while  bromine  (!) 
fluorosuifate  (2.686  g.,  15  mmol)  was  retained  in  the 
—45*  C.  trap,  The  yield  was  93%  of  theoretical. 

Wc  claim: 

t.  A method  for  preparing  chlorine  fluorosuifate  of  the 
formula  CIOSOjF  consisting  of  reacting  chlorine  mono- 
fluoride  with  sulfur  Uioxidc  at  a temperature  of  about 
—45  to  100*  C.  and  tiien  separating  the  reaction  prod- 
ucts and  recovering  chlorine  fluorosuifate. 

2.  The  method  of  claim  1 in  whicb  the  reaction  tem- 
perature is  about  0 to  30*  C. 

3.  The  method  of  claim  1 in  which  the  chlorine  mono- 
fluoride  is  employed  in  excess  of  the  quantity  theoret- 
ically required  for  complete  reaction  with  sulfur  trioxide. 

4.  The  method  of  claim  3 in  which  about  10  mole 
percent  excess  chlorine  monofluoride  is  employed. 
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1 57 1 ABSTRACT 

A stable  form  of  chlorine  trifluoride  dioxide  is  dis- 
closed for  use  as  an  oxidizer  in  formulating  energetic 
compositions,  such  as  propellants.  The  stable  CIFjO* 
is  produced  by  reacting  a CIO,F/  salt  with  a strong 
Lewis  base  at  —78V. 

7 Claims,  No  Drawings 
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PROCESS  FOR  PREPARING  STABLE  CHLORINE 
TR1FLIJ0RIDE  DIOXIDE 

BACKGROUND  OF  THE  INVENTION 

The  invention  herein  described  was  made  in  the 
course  of  or  under  » contract  with  the  Department  of 
the  Navy. 

1 . Field  of  Invention 

This  invention  relates  to  compositions  of  matter  and 
is  particularly  directed  to  a stable  form  of  chlorine  tri- 
fluoride dioxide  and  a method  of  producing  the  same. 

2.  Prior  Art 

Energetic  compositions  of  matter  are  useful  in  pro- 
viding energy  sources  for  rocket  engines,  guided  mis- 
siles. auxiliary  power  units  for  aircraft,  ordnance,  de- 
molition and  the  like.  Such  compositions  convention- 
ally arc  produced  by  mixing  a fuel  w ith  an  oxidizer  Ob 
\ iously . the  energy  of  such  compositions  results  primar- 
ily from  the  oxidation  of  the  fuel.  Hence,  it  is  desirable 
to  provide  a highly  energetic  oxidizing  agent.  On  the 
other  hand,  it  is  equally  desirable  that  the  oxidizing 
agent  by  a stable  material,  so  as  to  prevent  accidental 
or  unintentional  ignition  or  explosive  decomposition  of 
the  composition.  Numerous  organic  and  inorganic 
compounds  have  been  proposed  heretofore  for  use  as 
such  oxidizing  agents.  However,  it  has  been  found  that. 
.s»  a general  rule,  stable  compounds  are  low  energy  oxi- 
dizers and  high  energy  oxidizers  are  unstable.  Thus,  al- 
though some  useful  oxidizing  agents  have  been  dis- 
closed by  the  prior  art.  the  search  for  a stable,  high- 
energy,  oxidizing  material  has  continued.  In  recent 
years,  studies  have  indicated  that  halogen  oxyfluoride 
materials  might  provide  a satisfactory  oxidizing  mate- 
rial However,  although  empirical  formulas  may  be 
stated  for  such  materials  and  some  of  the  properties  of 
such  materials  may  be  predicted,  the  synthesis  of  these 
materials  has  proven  to  be  extremely  difficult  and  it  is 
sometimes  found  that  several  materials,  each  having 
distinct  structures  and  properties,  are  defined  by  a sin- 
gle empirical  formula.  Thus.  U S Pat.  No.  3.2H5.842 
discloses  a process  for  producing  a material  having  the 
empirical  formula  chlorine  trifluoride  dioxide.  Cl F/)a, 
which  the  patent  states  to  he  violet  liquid  which  is  un- 
stable at  temperatures  above  -72Y.  While  it  would  be 
expected  that  this  material  would  be  a highly  energetic 
oxidizing  agent,  the  lack  of  stability  renders  it  unsafe 
for  use  in  the  produciton  of  propellants  and  the  like. 

BRIEF  SUMMARY  AND  OBJECTS  OF  INVENTION 

These  disadvantages  of  the  prior  art  are  overcome 
with  the  present  invention  and  a compostion  of  matter 
is  disclosed  w hich  is  a form  of  chlorine  trifluoride  diox- 
ide. yet  which  is  stable  at  temperatures  up  to  at  least 
+25V  and.  hence,  can  be  safely  employed  for  manu- 
facturing propellants  and  the  like.  In  addition,  a 
method  is  disclosed  for  producing  this  stable  form  of 
chlorine  trifluoride  dioxide  by  reacting  C I FjO/PtFiT 
with  a strong  l ewis  base  at  a temperature  of  about 
- 78*C  and  separating  the  products  of  the  reaction 
by  distillation. 

Accordingly,  it  is  an  object  of  the  present  invention 
to  provide  a new  composition  of  matter. 

Another  object  of  the  present  invention  is  to  provide 
a form  of  chlorine  trifluoridc  dioxide  which  is  stable  at 
ambient  temperatures. 

A further  object  of  the  present  invention  is  to  prov  idc 
a form  of  chlorine  trifluoridc  dioxide  which  is  safe  for 
use  in  the  production  of  propellants  and  the  like. 


An  additional  object  of  the  present  invention  is  to 
provide  a method  of  producing  a stable  form  of  chlo- 
rine trifluoride  dioxide.  A specific  object  of  the  present 
invention  is  to  provide  a form  of  chlorine  trifluoride  di- 
5 oxide  which  is  stable  at  temperatures  up  to  at  least 
+25°C  by  reacting  C I F,(V  salts  with  nitryl  fluoride  at 
a temperature  of  ubout  -78°C  and  separating  the  prod- 
ucts of  the  reaction  by  distillation. 

These  and  other  objects  and  features  of  the  present 
Id  invention  will  be  apparent  from  the  following  detailed 
description. 

DETAILED  DESCRIPTION  OF  PREFERRED 
EMBODIMENT 

13  In  that  form  of  the  present  invention  chosen  for  pur- 
poses of  illustration,  stable  chlorine  trifluoride  dioxide 
has  been  produced  by  reacting  a C 1 F,Oa‘salt,  such  us 
CIFaO,iSPtFV.  with  a strong  Lewis  base  at  -78°C. 
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EXAMPLE  I 


A sample  of  ClO/PtF*  containing  about  I05f  of 
CIK,0,*PtFV  was  treated  at  -78°C  in  a sapphire  reac- 
tor with  a large  excess  of  FNO  for  several  days.  No  ma- 
terial noncondensible  at  -I96°C  (i.e.,  Fj>  was  ob- 
served. The  products,  volatile  at  25®C  were  removed 
and  separated  by  fractional  condensation  through  a sc- 
ries of  traps  kept  at  - 1 26°C.  -I42“C.  and  -I96°C.  The 
-142°C  fraction  contained  a novel  compound  which 
was  identified  by  its  infrared  spectrum  as  CIF/V  The 
observed  frequencies  are  listed  in  Table  I and  are  in  ex- 
cellent agreement  with  those  expected  for  a trigonal 
bypyramidul  structure  of  symmetry  Cj,  . 


V (B) 


This  structure  was  confirmed  by  ,UF  nuclear  mag- 
45  netic  resonance  spectroscopy.  The  observed  signal 
consisted  of  a typical  ABa  pattern  centered  at  —413 
ppm  relative  to  the  external  standard  CFCI*.  The  F-F 
coupling  constant  w'as  measured  to  he  44?  Hz.  The  B3 
part  of  the  AB,  pattern  occurs  downfield  from  the  A 
50  part,  proving  that  the  B*  fluorine  atoms  occupy  the  two 
axial  positions.  Additional  structural  proof  was  ob- 
tained from  the  Raman  spectrum  of  the  gas  and  the  liq- 
uid showing  strong  absorptions  at  1096,  684,  548,  527, 
493,  290,  and  229  cm'1.  The  molecular  weight  of  the 
55  compound  was  confirmed  by  vapor  density  measure- 
ments (measured.  122;  calculated,  124). 
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Infrared  Spectrum  ofCIF,0,  and  its  Tentative  Assignment 
Frequency  Assignment  for 

tern  I Intensity  Point  Group 
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The  solid  residue  obtained  from  the  FNO  displace- 
ment reaction  showed  the  correct  weight  change  ex- 
pected for  conversion  into  NO*P<F»  \ Its  identity  as 
NO*PtFK  was  confirmed  by  infrared  spectroscopy, 

The  stable  chlorine  trifluoridc  dioxide  is  white  as  a 5 
solid  having  a melting  point  of  — 8!.2°C  and  colorless 
as  a liquid  having  a boiling  point  of  — 2I°C.  It  appears 
to  he  stable  at  25<1C\  The  observed  stability  and  lack  of 
color  demonstrate  that  our  product  cannot  be  identical 
with  the  previously  reported  deeply  violet  and  unstable  10 
t I F-0*F*  and  Cl  FyO*  addition  compounds  supposedly 
having  the  empirical  composition  C 1 F;tO*. 

EXAMPLE  II 

A sample  of  CIO*4 /•,»■«'  containing  about  lOCf  of  15 
ClOjfVnu'  was  treated  with  a sufficient  quantity  of 
I-  NO,  to  maintain  a liquid  phase  at  -78°C  in  a stainless 
sieel  reactor  for  up  to  I 2 hours.  This  reaction  yielded 
solid  and  gaseous  CIF3O,  plus  FCIO,.  If  de- 

sired. the  chlorine  trifluoride  dioxide  may  then  be  sepu-  20 
rated  by  conventional  distillation  techniques,  us  in  a 
multi-plate  distillation  tower. 

Small  amounts  of  material  were  purified  by  combin- 
ing the  C1F*0*  and  FC’lO*  at  -I96°C  with  a samll  ex- 
cess of  BF:|.  These  materials  were  allowed  to  mix  and  25 
warm  to  ambient  temperature.  This  results  in 
C IF/V#,,  . which  is  stable,  plus  CIO-/*,,  , which  has 
n dissociation  pressure  of  182  millimeters  at  22°C  and 
w liich  can  be  rmoved  by  pumping.  The  C I FaO,4#,  t is 
then  reacted  with  sufficient  FNO-j  to  maintain  a liquid  30 
phases  at  -78°C  for  up  to  12  hours.  This  reaction  pro- 


4 

duced  solid  No/*,,  ' plus  gaseous  CIF,0,.  the  two 
gases  may  be  pumped  off  and  separated  by  passing  the 
gases  through  a pair  of  traps  maintained  at  — 1 26°C  and 
— I96°C,  respectively.  The  chlorine  trifluoride  dioxide 
will  be  caught  in  the  - 1 26°C  trap. 

Obviously,  numerous  variations  and  modifications 
may  be  made  without  dparting  from  the  present  inven- 
tion. Accordingly,  it  should  be  clearly  understood  that 
the  forms  of  the  present  invention  described  above  are 
illustrative  only  and  are  not  intended  to  limit  the  scope 
of  the  present  invention. 

What  is  claimed  is: 

1.  The  method  of  producing  stable  chlorine  trifluo- 
ride  dioxide  comprising  the  steps  of: 

reacting  a C1F/V  salt  with  a strong  Lewis  base 
compatible  with  C’  I F:,0,. 

2.  The  method  of  claim  1 wherein  said  salt  is 

ClFa<V, 

3.  The  method  of  claim  1 wherein  said  salt  is 

C1F,CV*,< 

4..  The  method  of  claim  I wherein  said  reaction  step 
is  carried  out  at  —78 °C. 

5.  The  method  of  claim  I wherein  the  quantity  of  the 
Lewis  base  is  sufficient  to  maintain  the  reaction  in  a liq- 
uid phase. 

6.  The  method  of  claim  1 wherein  the  Lewis  base  is 
FNO*. 

7.  The  method  of  claim  I wherein  the  Lewis  base  is 
FNO. 

» * * * * 
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Iodine  perchlorates  of  the  formula  X((X'IC)3), 
wherein  X is  selected  from  the  group  consisting  of 
I41*  and  Csl44,  wherein  n equals  3 when  X is  I***  and 
n equals  4 when  X is  Csl44,  are  prepared  by  reacting 
CIOCIO,  with  cither  solid  I or  Csl  at  low  tempera- 
tures. The  iodine  perchlorates  arc  useful  as  energetic 
oxidizers 
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liACKOROUND  OF  THE  INVENTION 

I liis  invention  generally  relates  to  perchlorate  com- 
pounds and  more  particularly  to  iodine  perchlorates. 

Hie  alleged  preparation  of  iodine  trispcrchlorate 
from  iodine,  o/onc,  and  anhydrous  HCTO,  is  described 
by  M.  Schnseisscr  in  "Handbook  of  Preparative  Inor- 
ganic Chemistry,"  (>.  Hraucr,  Ed..  Academic  Press, 
New  York,  N Y.  1961,  V'ol.  I.  pg  .1.1(1.  However,  a 
crosscheck  with  the  <» sginal  publication,  F.  Fichter  and 
H.  Kappeler.  Anorg.  Allgem.  Client.,  ** 1 . 114 
< 1915  ),  reveals  that  the  original  paper  deals  only  with 
a compound  having  the  empirical  composition.  I<- 
CTO,),  . 2H,0.  Further,  frpm  the  properties  of  1(0- 
CTO,),.  it  appears  unlikely  that  the  Fichter,  ct  al.,  com- 
pound was  the  bishydratc  of  KOCIO,), 

Hie  bishydraie  of  iodine  trispcrchlorate.  KOCIO,),  . 
2H,().  should  he  a less  energetic  oxidize.  than  jilic  an- 
hydrous form,  and  therefore  would  be  less  suitable  for 
propellants.  In  view  of  this  attempts  have  been  made  to 
obtain  the  bishydratc  as  welt  as  the  anhydrous  material. 

SUMMARY  OF  THE  INVENTION 

Accordingly,  one  object  of  this  invention  is  to  pro- 
vide iodine  perchlorates. 

Another  object  of  this  invention  is  to  isolate  iodine 
perchlorates  in  this  solid  anhydrous  form. 

A further  object  of  this  invention  is  to  provide  iodine 
perchlorates  which  arc  highly  energetic  oxidizers. 

A still  further  object  of  this  invention  is  to  provide  a 
method  of  synthesizing  iodine  perchlorates. 

Still  another  object  of  this  invention  is  to  achieve  a 
high  degree  of  purity  in  the  iodine  perchlorates  synthe- 
sized. 

Yet  another  is  to  provide  a easy  means  for  purifying 
the  iodine  perchlorates. 

These  and  other  objects  of  this  invention  arc  accom- 
plished by  providing  compounds  which  arc  iodine  per- 
chlorates of  the  formula  X((KTO,)„  wherein  X is  se- 
lected from  the  group  consisting  of  I “ * and  Csl*4 
wherein  »i  rituals  .1  when  X is  I “'.and  ii  equals  4 when 
X is  Csl*4.  The  iodine  perchlorates  are  prepared  by  re- 
acting chlorine  perchlorate,  CTOCTO,,  with  a substance 
selected  from  the  group  consisting  of  I,  and  Csl  at  low 
temperatures. 

DESCRIPT  ION  OF  THE  PREFERRED 
EMBODIMENT 

The  iodine  perchlorates  of  this  invention  arc  pre- 
pared by  reacting  chlorine  perchlorate,  CIOCIO,.  with 
either  iodine.  I,,  or  Csl.  The  reaction  for  preparing  io- 
dine tiispcrehloralc  is  as  follows: 

I,  + 6CIOCIO,  - 21(000,1,  + b XT, 
and  the  reaction  for  preparing  the  cesium  tetrape,- 
chlorato  bulate  is  as  follows: 

CVI  + 4CTOCIO,  - CVKOCKV,  + 20,. 

The  range  of  suitable  reaction  temperatures  is  limited 
by  the  slow  reaction  rates  and  the  instability  of  the  io- 
dine perchlorate  products.  For  cxantlc,  the  iodine  tris- 
pcrehloratc  reaction  takes  70  hours  at  — 50V  and  the 
cesium  tctrapherchlorato  iodatc  reaction  lakes  5 weeks 
at  .1 1 45V  to  go  to  99  percent  completion  and  at  lower 
temperatures  the  reaction  takes  still  longer.  On  the 
other  hand,  while  the  CsKOCIO,),  is  stable  at  2.1V,  io- 
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dine  trispcrchlorate  rapidly  decomposes,  at  this  tem- 
perature. 

Thus,  the  reaction  temperature  for  producing  C'sItO- 
CIO,),  should  he  in  the  range  -78'’  to  10V,  preferably 
5 —55®  to  — 4()*C;  and  the  reaction  temperature  for  pro- 
ducing iodine  trispcrschloratc  should  he  in  the  range 
-78®  to  0®C.  preferably  -55*  to  -40V. 

Purification  of’the  product  is  simplified  by  reacting 
a stoichiometric  excess  of  chlorine  perchlorate  with  in- 
10  dine  or  cesium  iodide  in  an  inert  environment  The  ex- 
cess of  chlorine  perchlorate  is  used  to  drive  the  reac- 
tion to  99  percent  completion.  'I  he  the  solid  1(000,  ):t 
or  CsKOCIO,),  product  can  he  separated  from  the  by- 
product chlorine  and  unreacted  chlorine  perchlorate  at 
15  low  temperatures  under  vacuum.  Finally,  since  water  is 
neither  a reactant  nor  a product  in  either  of  the  reac- 
tions, the  anhydrous  form  of  1(000,1,  or  CsKOCIO,), 
is  obtained  when  the  reaction  is  run  in  an  anhydrous 
environment.  Additionally,  because  of  the  reactivity  of 
2<>  the  desired  perchlorates  it  is  most  desirable  to  conduct 
the  reactions  in  an  inert  environment  which,  within  the 
context  of  this  invention,  is  meant  to  include  anhydrous 
conditions. 

The  general  nature  of  the  invention  having  been  set 
25  forth,  the  following  examples  are  presented  as  specific 
illustrations  thereof.  It  will  he  understood  that  the  in- 
vention is  not  limited  to  these  specific  examples  hut  is 
susceptible  to  various  modifications  that  will  he  recog- 
nized by  one  of  ordinary  skill  in  the  art. 

EXAMPLE  I 
Iodine  Trispcrchlorate 
1(000,), 

Iodine  (0:915  mmol)  was  loaded  into  a It)  ml  pre- 
passivated  Tcllon  FEP  ampoule  closed  off  by  a stainless 
steel  valve.  Chlorine  perchlorate  (8.18  mmol)  was 
added  at  — l9h°C.  The  ampoule  was  kept  at  — 50°C  for 
70  hours.  At  this  point,  the  dark  iodine  color  had  disap- 
40  peared  and  a pale  yellow  (due  to  the  presence  of  Cl,) 
solid  had  formed.  Upon  cooling  to  —196V,  the  am- 
poule did  not  contain  any  non-condensible  reaction 
products.  T he  ampoule  was  slowly  warmed  to  — 45°C. 
The  volatile  products  were  separated  by  fractional  con- 
45  densaiion  and  identified  by  infrared  spectroscopy  and 
their  vapor  pressure.  They  consisted  of  Cl,  (2.70 
mmol)  and  CTOCTO,  ( 2.74  mmol).  The  white,  solid  res- 
idue weighed  776  mg.,  in  excellent  agreement  with  the 
weight  (777  mg)  calculated  for  a complete  conversion 
50  to  1(000,),. 

EXAMPLE  2 

Cesium  Tctrupcrchlorato  Iodatc  1111) 

CsKOCIO,), 

A It)  ml  prepassivated  stainless  steel  cylinder  was 
loaded  with  powdered  anhydrous  Csl  (1.15  mmol),  fol- 
lowed by  CIOCIO,  (6. 10  mmol ) at  h — 1 96 *C.  The  reac- 
tion wus  allowed  lo  proceed  by  warming  the  cylinder  to 
— 45*C,  where  it  was  maintained  for  5 week*.  On  re- 
cooling  to  — I96®C,  no  non-condcnsihlc  gases  were  ob- 
served. Volatile  products  were  pumped  from  the  reac- 
tor for  scvcrul  hour*  while  and  after  it  had  warmed  to 
ambient  temperature.  Separation  of  these  specie*  was 
^ j affected  by  fractional  cond  .nation  and  identification 
by  infrared  and  vapor  pressure  measurements.  They 
consisted  of  Cl,  (2.34  mmol)  and  unrcuctcd  CIOCIO, 
(1,45  mmol).  The  solid  product  was  pale  yellow  in 
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Col.  >i  iiml  weighed  74‘>  mg,  indicating  a *J‘>  percent  con- 
vci'ion  of  the  Ost  to  ('s‘l(OC'l()a)4'v  had  occurred. 

< thvimisly,  numerous  modificatitms  and  variations  of 
the  present  invention  are  possible  in  light  of  the  above 
tesn  hings  It  is  therefore  to  be  understood. that  within  5 
the  ,cope  of  the  appended  claims  the  invention  may  be  1 
practiced  otherwise  than  as  specifically  described 
herein.  1 

Vi  hat  is  claimed  as  new  and  desired  to  be  secured  by  1 
Letters  Patent  of  the  United  States  is:  1() 

I A method  of  preparing  cesium  ictrapcrchlorato  * 
iodulo  (III).  l'sl((K'l< comprising: 
contacting  chlorine  perchlorate  and  cesium  iodide  in  ( 
an  inert  environment  at  a temperature  in  the  range 


ol  — 78°C  to  30oO  for  70  or  more  hours,  provided 
that  at  least  4 moles  of  chlorine  perchlorate  are 
used  per  mole  of  cesium  iodide. 

2.  The  method  of  claim  I wherein  said  contacting  is 
performed  at  a temperature  of-55*C  to  -4()"t\ 

3. 1 he  method  of  claim  I.  wherein  more  than  4 moles 
of  said  chlorine  perchlorate  is  used  per  mole  of  cesium 
iodide. 

4.  Cesium  tctrapcrclilorato  iodatc  (III).  Csl(OCIa)4. 
as  produced  by  the  process  of  claim  I. 

5.  The  product  of  claim  4.  wherein  the  said  iodatc 
compound  is  anhydrous. 
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tional salts,  containing  this  cation,  arc  produced  by 
displacement  techniques. 
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HIGH  ENERGY  OXIDIZERS  AND  METHOD  OF 
SYNTHESIZING  SAME 

BACKGROUND  OF  THE  INVENTION 

The  invention  herein  described  was  made  in  the 
course  of  or  under  a contract  with  the  Department  of 
the  Navy. 

1.  Field  of  the  Invention 

This  invention  relates  to  compositions  of  matter  and 
is  particularly  directed  to  compounds  containing  the 
cation  CIOjFj*  and  methods  of  synthesizing  such  com- 
pounds. 

2.  Prior  Art 

Compositions  of  matter  which  contain  oxygen  and 
fluorine  have  been  found  to  be  extremely  useful  in  for- 
mulating energetic  materials,  such  as  solid  propellants, 
explosives  and  the  like.  Many  simple  compounds  con- 
taining these  elements  have  been  disclosed  heretofore. 
However,  it  has  been  recognized  that  more  energetic 
compositions  could  be  formulated  by  synthesizing 
more  complex  compositions  containing  multiple  utoms 
of  these  elements.  Unfortunately,  it  has  been  found  that 
these  more  complex  compositions  cannot  be  produced 
from  elementary  fluorine  by  conventional  methods. 
Accordingly,  considerable  effort  has  been  expended  to 
discover  and  And  methods  for  producing  these  comptex 
compositions. 

BRIEF  SUMMARY  AND  OBJECTS  OF  INVENTION 

These  disadvantages  of  the  prior  art  are  overcome 
with  the  present  invention  and  several  compositions 
containing  the  cation  CIO,F,*  have  been  synthesized 
by  reacting  FCIO,  with  PtF,  to  produce  C10,F,*PtF," 
and  employing  displacement  techniques  to  product-* 
several  additional  salts  containing  this  cation,  such  as 
CIO,F,*BF,-  and  CIO,F,*AsF,-. 

Accordingly,  it  is  an  object  of  the  present  invention 
to  provide  new,  highly-energetic  compositions  of  mat- 
ter. 

Another  object  of  the  present  invention  is  to  provide 
methods  of  synthesizing  new,  highly-energetic  compo- 
sitions of  matter. 

An  additional  object  of  the  present  invention  is  to 
provide  complex  compositions  containing  multiple 
atoms  of  oxygen  and  fluorine. 

A specific  object  of  the  present  invention  is  to  pro- 
vide several  compositions  containing  the  cation 
CIOfF,+  by  reacting  FClOj  with  PtF,  to  produce 
CIO,F,*PtF,'  and  employing  displacement  techniques 
to  produce  additional  salts  containing  this  cation,  such 
as  CIO,F,*BF,‘  and  CIO,F,*AsF,-. 

These  and  other  objects  and  features  of  the  present 
invention  will  be  apparent  from  the  following  detailed 
description. 

DETAILED  DESCRIPTION  OF  THE  INVENTION 

In  that  form  of  the  present  invention  chosen  for  pur- 
poses of  illustration,  it  has  been  found  that  FCIO,  can 
be  reacted  with  PtF,  to  produce  CIO,F,*PtF,_  and  dis- 
placement techniques,  using  this  reaction  product,  can 
be  employed  to  produce  additional  salts  containing  the 
CIO,Ft*  cation.  Among  these  additional  salts  are 
CIO,F,*BF,  and  CIO,F,*AsF,-. 

EXAMPLE  I 
The  FCIO, -PtF,  System 

Platinum  hexafluoride  (17.0  mmole)  and  FCIO, 


(46.1  mmole)  were  combined  at  “196*  (all  tempera- 
tures in  this  and  other  examples  are  degrees  centri- 
grade)  in  a passivated  (with  OF,)  75-ml  stainless  steel 
cylinder.  The  starting  materials,  platinum  hexafluoride 
5 and  FCIO,,  are  available  commercially  from  Ozark  Ma- 
honing Co.,  Tulsa,  Oklahoma.  The  temperature  of 
— 196*  was  selected  as  one  at  which  the  starting  materi- 
als have  no  volatility.  The  cylinder  was  placed  at  room 
temperature  to  allow  the  mixture  contained  therein  to 
10  slowly  warm  up  to  25*  without  the  addition  of  external 
heat.  This  required  approximately  30  minutes  to  one 
hour,  after  which,  the  mixture  was  kept  at  this  tempera- 
ture for  three  days.  The  cylinder  was  cooled  to  -196* 
and  3.75  mmole  of  material  volatile  at  this  temperature 
IS  was  removed  and  identified  as  F,  by  its  vupor  pressure 
and  muss  spectrum.  The  products  volatile  at  25*  wcri 
separated  by  fractional  condensation  through  traps 
kept  at  -78*.  -1 26'  and  -196*.  The  -126*  fraction 
consisted  of  FCIO,  i 28.7  mmole)  and  the  —1 96*  one  of 
20  FCIO,  (0.3  mmole),  C1F,  (0.1  mmole),  and  a small 
amount  of  FCIO,.  The  cylinder  contained  a stable  ca- 
nary yellow  solid  (6.618  g),  which  was  identified  by  in- 
frared spectroscopy  as  a mixture  of  CIO,* PtF,"  and 
CIO,F,*PtF,'.  Hence,  PtF,  ( 17.0  mmole)  had  reacted 
25  with  FCIO,  (17.1  mmole)  in  a 1:1  mole  ratio  yielding 
F,  (3.75  mmole),  CIO, *PtF,~  (12.2  mmole),  and 
CIO,F,*PtF,“  (4.8  mmole)  us  the  main  products,  It  was 
found  that  PtF,  and  FCIO,,  when  combined  at  -196* 
and  allowed  to  slowly  warm  up  to  25*  by  placing  the 
30  container  at  room  temperature  for  30  minutes  to  one 
hour  interacted  according  to: 


2FCIO,  + 2PtF,  - CIO,F,*PtF,~  + CIO,*PtF,' 


35 


(!) 


This  mixture  may  then  be  employed  as  a starting  mate- 
rial for  producing  a plurality  of  pure  salts  containing 
the  CIO,F,*  cution,  as  described  in  the  following  exam- 
ples. The  yield  of  CIO,F,*  was  not  50  percent  as  ex- 
40  pected  from  the  above  equation,  but  generally  about  25 
percent  owing  to  the  following  competing  reaction: 


2 FCIO,  + 2 PtF,  -+  2CIO,*PtF,‘  + F, 


45 


(2) 


In  some  of  the  experiments,  small  amounts  of 
CIF,*PtF,+  or  CIF,  and  FCIO,  were  observed,  depend- 
ing on  the  exact  reaction  conditions.  The  formation  of 
some  FCIO,  is  not  surprising  since  it  is  known  that 
50  FCIO,  readily  interacts  with  nascent  oxygen  to  yield 
FCIO,. 

Further  modification  of  the  reaction  conditions 
(rapid  warm  up  of  the  FCIO,-PtF,  mixture  from  —196* 
to  either  -78*  or  25*  and  completion  of  the  reaction  at 
35  25*)  did  not  produce  detectable  amounts  of  either 
C10,F,+  or  CIF,* PtF,',  but  only  CIO,+PtF4'  and  CIF„ 
F,,  and  O,.  This  indicates  that  the  nature  of  the  reac- 
tion products  are  more  influenced  by  the  warm-up  rate 
of  the  starting  materials  from  H96*to  about  -78*than 
60  by  the  final  reaction  temperature.  Slow  warm  up  favors 
the  formation  of  CIO,F,*,  whereas  rapid  warm  up 
yields  CIF,+  or  CIF,  and  F,. 

EXAMPLE  II 

65  Synthesis  of  CSO.F, * Salts 

The  synthesis  of  CIO,F,*PtF,"  has  been  described  in 
Example  I.  For  the  synthesis  of  CIO,F,*BF,",  a mixture 
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of  CIO,F,*PtF,'  {4.K  mmole)  and  CKVPtF,'  (12.2 
mmole)  was  treated  in  a passivated  (with  CIK,  and 
8rF»)  75  ml  stainless  steel  cylinder  with  FNOt  <25. .7 
mmole)  at  -78*  for  48  hours  The  reaction  products 
volatile  at  25*’  consisted  of  FCIO,,  CIFjOj,  and  unre-  5 
acted  FNO,  and  were  separated  by  fractional  conden- 
sation through  z series  of  traps  kept  at  —1 12*,  —126*, 

— 142*  and  —196*.  The  —126*  fraction  contained  most 
of  the  CIFjO,  and  some  FCIO,.  Attempts  to  further  sep- 
arate  the  CIF,0,  and  FCIOt  mixture  by  fractional  con- 
densation were  unsuccessful.  Consequently,  2.76 
mmole  of  this  mixture  was  combined  with  BF,  (3.00 
mmole)  at  —196*  in  a passivated  ampoule  formed  of 
pernuoroethyicnepropylcne  copolymer  and  the  tern-  u 
peraturc  was  cycled  several  times  between  —196  and 
25*.  The  product  was  kept  at  -78*  for  several  hours  and 
unreacted  BFj  (0.22  mmole)  was  removed  at  this  tem- 
perature in  vacuo.  Removal  of  volatile  material  in 
vacuo  was  continued  at  20*.  The  volatile  material  (2.70  20 


X-Ray  Pvvwitt,  Pattern*  for  CtCWYBF,' 
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mmole)  consisted  according  to  its  infrared  spectrum  of 
a I : I mixture  of  FCIO,  and  BF,.  The  white  solid,  non- 
volatile residue  (280  mg**  1.46  mmole)  was  identified 
by  infrared,  Raman,  and  '*F  nmr  spectroscopy  as 
CIO,F,*BF*'. 

For  the  preparation  of  the  AsF,_  salt,  CIO,F,+BF*" 
(0.62  mmole)  and  AsF,  ( 1.43  mmole)  were  combined 
at  -196*  in  a passivated  ampoule  formed  of  perlluoroc- 
thylcnepropylene  copolymer.  The  contents  of  the  am- 
poule was  kept  at  -78*  for  30  minutes  and  at  25*  for  I 
hour.  Volatile  products  were  removed  at  25*C  and  con- 
sisted of  unreaclcd  AsF,  (0.79  mmole)  and  BF,  (0.59 
mmole).  The  white,  stable  solid  weighted  J.B5  mg 
(weight  calculated  for  0.62  mmole  of  CI'f,0,+AsF»'  “ 
183  mg)  and  was  identified  as  CIF,0,*AsF«'  by  infra- 
red, Raman,  and  "F  nmr  spectroscopy. 

Syntheses  and  Properties  of  CIO,F,+  Salts 

The  synthesis  of  ClO,F,*PtF,'  from  FCIO,  and  PtF, 
and  its  temperature  dependence  has  been  discussed 
above.  The  BF,  and  AsF,'  salts  were  prepared  accord- 
ing to  the  following  scheme: 


The  powder  pattern  of  C10,F,*BF*“  is  much  simpler 
than  that  of  CIO,F,+AsF,-.  This  is  not  surprising  since 
the  anion  and  cation  in  the  former  salt  are  both  approx- 
25  imately  tetrahedral  and  of  similar  ,.ize.  The  powder  pat- 
tern ofCIOJYBF,-  can  be  indexed  on  the  basic  of  an 
orthorhombic  unit  cell  with  a » 5.45,  b **>  7.23,  and  c 
- 13.00A.  Assuming  four  molecules  per  unit  cell  and 
ncglecting-contributions  from  the  highly  charged  cen- 
30  tral  atoms  to  the  volume,  a plausible  average  volume  of 
16  A per  F or  O atom  is  obtained.  However,  the  agree- 
ment between  the  observed  and  calculated  reflections 
is  somewhat  poor  for  several  lines  and,  hence,  the 
above  unit  cell  dimensions  arc  tentative. 

35  The  thermal  stability  of  CIO,F,*BF,"  is  higher  than 
those  o'  CICVBF,-.  CIF,+BF,‘,  or  other  similar  salts. 
This  is  in  good  agreement  with  the  previously  made 
correlations  between  the  stability  of  an  adduct  and  the 
structure  of  the  parent  molecule  and  its  ions.  Thus,  let- 
40  rahedrai  CIO,F,*  (sec  below)  should  be  energetically 
much  more  favorable  than  trigonal  bypyramidel 
CIFjO,. 

F-nmr  Spectra 


CIO,*PtF«  + CIO,F,*PlF,"  4 2FNO,  -*  FCIO,  4-  45 

CIF,0,  4 2NO,*PtF, 

O) 

Unreacted  FNO,  and  some  of  the  FCIO,  could  be  sepa-  jq 
rated  from  CIFjO,  by  fractional  condensation.  The  re- 
maining FCIO,  was  separated  from  CIE,0,  by  complcx- 
ing  with  BF,.  Since  the  resulting  CIO,+BF*_  has  a disso- 
ciation pressure  of  182  mm  at  22.1*,  while  CIO,F,*B- 
F,'  is  stable,  the  former  suit  could  be  readily  removed  55 
by  pumping  at  20*.  Conversion  of  C10,F,*BF<-  to  the 
corresponding  AsF,'  salt  was  accomplished  through 
displacement  of  BF,'  by  the  stronger  Lewis  acid  AsF,. 

All  three  salts,  synthesized  with  the  CIO,F,+  cation 
and  fluorine-containing  anions,  CIO,F,*PtF«',  CIO,F-  60 
t*  AsF,',  and  C10,F,*BF*',  are  solids,  stable  at  24*,  and 
react  violently  with  water  or  organic  materials.  The 
PtF,'  compound  is  canary  yellow,  while  those  of  AsF," 
and  BF*'  are  white.  The  salts  dissolve  in  anhydrous  HF 
without  decomposing.  They  arc  crystallinic  in  the  solid 
state  and  the  x.ruy  powder  diffraction  patterns  of 
C!F,0,*BF,"  and  CIO,F,+AsF,'  are  listed  in  Table  I. 


A broad  singlet  at  -310  ppm  relative  to  external 
CFCI,  has  been  observed  for  CIO,F,*PtF,‘  in  anhy- 
drous HF,  The  spectrum  of  C1F,0,4BF*'  in  HF  shows 
a strong  temperature  dependence.  At  30*  it  consists  of 
a single  peak  at  185  ppm  relative  to  external  CFCI,. 
With  decreasing  temperature  the  peak  at  first  becomes 
broader,  then  separates  at  about  0*  into  signals  at  —301 
(CIO.F/),  146  (BF,-).  and  194  ppm  (HF)  which  be- 
come  narrower  with  further  decrease  in  temperature. 
The  observed  peak  area  ratio  of  approximately  2:1  for 
the  1 46  and  -30 1 ppm  signals  confirms  their  assign- 
ment of  BF*'  and  CIO,F,-(  respectively,  and  proves  the 
ionic  nature  of  the  CIF,0,,BF,  adduct  in  HF  solution. 

The  spectrum  of  CIF,0,*AsF,"  in  HF  (which  was 
acidified  with  AsF,)  consists  of  two  resonances  at  —307 
(CIO,F,+  ) and  i05  ppm  (HF,  AsF,,  AsF,"),  respec- 
tively. Rapid  exchange  between  HF,  AsF,  and  AsF«~ 
preempted  the  measurement  of  the  CIO,?,*  to  AiF«~ 
peak  area  ratio. 

Obviously,  numerous  variations  and  modifications 
may  be  made  without  departing  from  the  present  inven- 
tion. Accordingly,  it  should  be  clearly  understood  that 
the  forms  of  the  present  invention  described  above  are 
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illustrative  only  and  are  nut  intended  to  limit  the  scope 
or  the  present  invention. 

What  is  claimed  is: 

1.  The  composition  of  matter  consisting  of  a salt  hav- 
ing the  cation  CIOtF|4,  and  an  anion  selected  from  the 
group  consisting  of  AsF«",  BF,'  and  PtF«“. 

2.  The  composition  uf  claim  1 wherein  the  anion  of 
said  salt  is  PtF,'. 

3.  The  composition  of  claim  1 wherein  the  anion  of 
said  salt  is  BF,~. 

4.  The  composition  of  cluiin  1 wherein  the  anion  of 
said  suit  is  AsF,~. 

5.  The  method  of  synthesizing  a salt  having  a di- 
fluoroperchloryl  cation,  said  method  comprising  the 
steps  of: 

combining  PtF«  and  FCIO,  in  a container  at  a starting 
temperature  at  which  these  materials  have  no  vola- 
tility, 

gradually  increasing  the  t •mperature  of  said  materi- 
als without  the  addition  of  external  heat  until  the 
reaction  is  complete. 

separating  the  volatile  products,  and 

removing  the  resulting  CIO,F|*PtF«"  salt  from  said 
container. 

6.  The  method  of  claim  5 wherein  said  starting  tem- 
perature is  -I96*C. 

7.  The  method  of  claim  5 wherein  said  gradually  in- 
creasing step  comprises  exposing  said  container  to 
room  temperature. 

I.  The  method  of  claim  7 wherein  sa.d  container  it 
exposed  to  room  temperature  lor  a period  of  approxi- 
mately 30  minutes  to  I hour.  * 

9.  The  method  of  claim  7 wherein  said  room  temper- 
ature it  25*C.  ;v 

10.  ‘The  method  of  claim  S comprising  the  further 
steps  of: 

Combining  said  CK),F,‘PtF«"  salt  with  FNO,  at  a ic- 


6 

action  temperature  such  that  said  FNO,  is  in  a liq- 
uid state, 

maintaining  said  reaction  temperature  until  the  reac- 
tion it  complete, 

2 separating  the  volatile  products  by  fractional  conden- 
sation in  a series  of  traps  kept  at  -!I2*C  and 
— 126*C,  respectively, 

combining  the  condensate  of  the  -i2**C  trap  with 
BFj  at  a temperature  at  which  the  materials  have 

10  no  volatility, 

raising  the  temperature  of  said  condensate  to  20*C 
and  removing  all  volatile  materials,  and 
recovering  the  resulting  CIO|F,*BF«‘  salt  as  a non- 
volatile solid. 

12  II.  The  Vnethod  of  claim  10  wherein  said  reaction 
temperature  is  — 78*C. 

12.  The  method  of  claim  10  wherein  said  maintaining 
step  is  continued  for  approximately  48  hours. 

13.  The  method  of  claim  10  comprising  the  further 

70  steps  of: 

combining  said  CIO,F»*BF,"  salt  and  AsF»  in  a con- 
tainer at  a temperature  at  which  these  materials 
have  no  volatility, 

raising  the  temperature  of  said  container  to  a temper- 

22  ature  at  which  said  AsF»  is  liquid, 

maintaining  said  container  at  said  temperature  at 
which  AsF,  is  liquid  until  the  reaction  is  complete, 
raising  the  temperature  of  said  container  to  ambient 
temperature, 

30  removing  the  volatile  materials,  and 

recovering  the  resulting  CIO,F,’AsF«'  salt  as  a non- 
volatile solid. 

14.  The  method  of  claim  13  wherein  said  tempera- 
ture at  which  AsF,  is  liquid  is  -78*C. 

32  IS.  The  method  of  claim  13  wherein  said  maintaining 
step  is  continued  for  approximately  30  minutes. 

• * » • * 
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[57]  ABSTRACT 

Iodine  perchlorates  of  the  formula  X(OCIO,), 
wherein  X is  selected  from  the  group  consisting  of 
I • • 1 1 5 and  C'sl  * \ wherein  n equals  3 when  X is 
I • • • and  n equals  4 when  X is  Csl  • «;  are  prepared 
by  reacting  CIOCIO,  with  either  solid  I or  Csl  at  low 
temperatures.  The  iodine  perchlorates  are  useful  as 
energetic  oxidizers. 
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IODINE  PERCHLORATES 

This  is  a division  of  application  Ser.  No.  363,708, 
filed  May  24,  1973,  now  U.S.  Pat.  No.  3,873,677,  is-  ’ 
sued  Mar.  25.  1975. 

BACKGROUND  OF  THE  INVENTION 

This  invention  generally  relates  to  perchlorate  com- 
pounds and  more  particularly  to  iodine  perchlorates.  10 

The  alleged  preparation  of  iodine  triaperchlorate 
from  iodine,  ozone,  and  anhydrous  HCIO,  is  described 
by  M.  Schmeisser  in  “Handbook  of  Preparative  Inor- 
ganic Chemistry”,  G.  Urauer,  Ed.,  Academic  Press, 
New  York,  N.Y.,  1963,  Vol.  1.  pg.  330.  However,  a 53 
crosscheck  with  the  original  publication,  F.  Fichter  and 
H.  Kappeler,  Z.  Anorg.  Allgem.  Chem.,  91,  134 
(1915),  reveals  that  the  original  paper  dealt  only  with 
a compound  having  the  empirical  composition,  1(0- 
04),  - 2H*0  Further,  from  the  properties  of  1(000,),,  20 
it  appears  unlikely  that  the  Ficht  t et  al  compound  was 
the  biahydrate  of  1(000,),. 

The  biahydrate  of  iodine  triaperchlorate,  l(OCIGt)i 
'2H(0,  should  be  a leu  energetic  oxidizer  than  the  an- 
hydrous form,  and  therefore  would  be  leu  suitable  for  23 
propellants.  In  view  of  this  attempts  have  been  made  to 
obtain  the  biahydrate  u well  as  the  anhydrous  material. 

SUMMARY  OF  THE  INVENTION 

Accordingly,  one  object  of  this  invention  it  to  pro-  30 
vide  iodine  perchlorates. 

Another  object  of  this  invention  is  to  isolate  iodine 
perchlorates  in  their  solid  anhydrous  form. 

A further  object  of  this  invention  it  to  provide  iodine 
perchlorates  which  are  highly  energetic  oxidizers.  5 * 

A still  further  object  of  this  invention  it  to  provide  a 
method  of  synthesizing  iodine  perchlorates. 

Still  another  object  of  this  invention  is  to  achieve  a 
high  decree  of  purity  in  the  iodine  perchlorates  synthe- 
sized.  40 

Yet  another  object  is  to  provide  a euy  means  of  puri- 
fying the  iodine  perchlorates. 

THa*e  ant'  other  objects  of  this  invention  arc  accom- 
plished by  providing  compounds  which  arc  iodine  per- 
chlorates  of  the  formula  X(OCIO,).  wherein  X it  se- 
lected from  the  group  consisting  of  I**  and  Ctl*4 
wherein  a equals  3 when  X is  I*+\  and  a equals  4 when 
X is  Cal44.  The  iodine  perchlorates  arc  prepared  by  re- 
acting chlorine  perchlorate,  ClOCIOa.  with  a substance 
selected  from  the  group  consisting  of  I,  and  Cal  at  low 
temperature.. 

DESCRIPTION  OF  THE  PREFERRED 
EMBODIMENT 

The  iodine  perchlorates  of  this  invention  arc  pre-  35 
pared  by  reacting  chlorine  perchlorate,  ClOCIOi,  with 
either  iodine,  1*  or  Cal.  The  reaction  for  preparing  io- 
dine triaperchlorate  is  u follows: 

t,  + SC  toe  to,  IKOCtOtt,  + JC1, 

and  the  reaction  for  preparing  the  cesium  tetraprr-  60 
chlorate  iodate  is  as  follows:  Ct*r+  40000, 
Cs*I(000,)-«  4-  20,. 

The  range  of  suitable  reaction  temperatures  is  limited 
by  the  slow  reaction  rates  and  tbc  instability  of  the  io- 
dine perchlorate  products  For  eaample,  the  iodine  tris-  45 
perchlorate  reaction  takes  70  hours  at  -50*C  and  the 
cesium  tetrapcrchlorato  iodate  reaction  takes  5 weeks 
at  — 45*C  to  go  to  99*  completion  and  at  lower  temper- 


atures the  reaction  takes  still  longer.  On  the  other 
hand,  while  the  CsKOCIO,),  it  stable  at  23*C,  iodine 
tritperchlorate  rapidly  decomposes,  at  this  tempera- 
ture. 

Thus,  the  reaction  temperature  for  producing  CsKO- 
CtO,),  should  be  in  the  range  — ?8*C  to  30%,  prefera- 
bly —55%  to  — ■ 40%;  and  the  reaction  temperature  for 
producing  iodine  tritperchlorate  should  be  in  the  range 
-78%  to  0*.  preferably  -55%  to  -40%. 

Purification  of  the  product  it  simplified  by  reacting  a 
stoichiometric  excess  of  chlorine  perchlorate  with  io- 
dine or  cesium  iodide  in  an  inert  environment.  The  ex- 
cess of  chlorine  perchlorate  it  used  to  drive  the  reac- 
tion to  99*  completion.  Then  the  solid  KOCIO,),  or 
CsKOCIO,),  product  can  be  separated  from  the  by- 
product chlorine  and  unreacted  chlorine  perchlorate  at 
low  temperatures  under  vacuum.  Finally,  since  water  is 
neither  e reactant  nor  a product  in  either  of  the  reac- 
tions, the  anhydrous  form  of 1(000,),  or  CaKOCIO,), 
is  obtained  when  the  reaction  is  run  in  an  anhydrous 
environment.  Additionally,  because  of  the  reactivity  of 
the  desired  perchlorates  it  it  moat  desirable  to  conduct 
the  reactions  in  an  inert  environment  which,  within  the 
context  of  this  invention,  is  meant  to  include  anhydrous 
conditions. 

The  general  nature  of  the  invention  having  been  set 
forth,  the  following  examples  are  presented  as  specific 
illustrations  thereof.  It  will  be  understood  that  the  in- 
vention is  not  limited  to  these  specific  examples  but  it 
susceptible  to  various  modifications  that  will  be  recog- 
nized by  one  of  ordinary  skill  in  the  art. 

EXAMPLE  1 
Iodine  Triaperchlorate 
KOCIO,), 

Iodine  (0.915  mmol)  wet  loaded  into  e 10  ml  pre- 
passivated Teflon  FEP  ampoule  closed  off  by  a stainless 
steel  valve.  Chlorine  perchlorate  (8.18  mmol)  wet 
added  et  -196%.  The  ampoule  was  kept  at  -50%  for 
70  hours.  At  this  point,  the  dark  iodine  color  had  disap- 
peared and  a pale  yellow  (due  to  the  presence  of  Cl,) 
solid  had  formed.  Upon  cooling  to  —196%,  the  am- 
poule did  not  contain  any  non-condensible  reaction 
products.  The  ampoule  was  slowly  warmed  to  —45%. 
The  volatile  products  were  separated  by  fractional  con- 
densation and  identified  by  infrared  spectroscopy  and 
their  vapor  pressure.  They  consisted  of  Cl,  (2.70 
mmol)  end  CIOCIO,  (2.74  mmol).  The  white,  aolid  res- 
idue weighed  776  mg.,  in  excellent  agreement  with  the 
weight  (777  mg)  calculated  for  a complete  coeversion 
to  1(000,),. 

EXAMPLE  2 

Cesium  Tetraperchlorato  Iodate  (III) 

CsKOCIO,), 

A 10  ml  prepassivated  stainless  steel  cylinder  was 
loaded  with  powdered  anhydrous  Cal  ( 1 . 1 5 mmol),  fol- 
lowed by  CIOCIO,  (6.10  mmol)  et  -196%.  The  reac- 
tion was  allowed  to  proceed  by  wanning  the  cylinder  to 
—43%,  where  it  was  maintained  for  five  weeks.  On  re- 
cooling to  -196%,  no  non -condensible  gases  ware  ob- 
served. Volatile  products  were  pumped  from  the  reac- 
tor for  several  hour*  while  and  after  it  had  warmed  to 
emblem  temperature.  Separation  of  these  species  was 
affected  by  fractional  condensation  and  identification 
by  infrared  tad  vapor  pressure  measurements.  They 
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consisted  of  Cl*  (2.34  mmol)  and  unreacted  CIOCIO, 
( 1 ,4Smmol).  The  solid  product  was  pale  yellow  in  color 
and  weighed  749  mg,  indicating  a 99%  conversion  of 
the  Csi  to  C»+l(0C10,)4-  h+4  *c*rr*4. 

Obviously,  numerous  modifications  and  variations  of 
the  present  invention  are  possible  in  light  of  the  above 
teachings,  it  is  therefore  to  be  understood  that  within 
the  scope  of  the  appended  claims  the  invention  may  be 
practiced  otherwise  than  as  specifically  described 
herein. 

What  is  claimed  as  new  and  desired  to  be  secured  by 
Letters  Patent  of  the  United  States  is: 

1.  A method  of  preparing  anhydrous  iodine  trisper- 
chlorate,  1(0010*)*,  comprising: 


contacting  in  an  inert  environment  chlorine  perchlo- 
rate and  iodine  at  a temperature  in  the  range  of 
-78*C  to  0*C  for  70  or  more  hours,  provided  that 
5 at  least  6 moles  of  chlorine  perchlorate  are  used 
per  mole  of  iodine,  1*.  to  form  said  iodine  trisper- 
chlorate  and  subsequently  recovering  the  iodine 
triaperchlorate. 

2.  The  method  of  claim  1,  wherein  said  contacting  is 
10  performed  at  a temperature  of  — 55*C  to  — 40*C. 

3.  The  method  of  claim  I,  wherein  more  than  6 moles 
of  said  chlorine  perchlorate  is  used  per  mole  of  iodine, 
4- 
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1 2 

A further  obiect  of  the  preterit  invention  it  to  provide 
STASLE  UNSUBSTITUTED  SULFONIUM  SALTS  a method  for  producing  stable  solid  unubtfitutedsuh 

fooium  salts. 


The  invention  herein  described  was  made  in  the 
course  of  or  under  a contract  of  subcontract  thereun-  5 
der,  (or  grant)  with  the  Department  of  the  Navy. 

BACKGROUND  OF  THE  INVENTION 

1.  Field  of  the  invention 

This  invention  relates  to  compositions  of  matter  and  10 
is  particularly  directed  to  stable  unsubstituted  suUb- 
nium  salts  and  methods  of  writ  ting  same. 

2.  Description  of  the  Prior  Art 

Hydrogen  sulfide  has  been  found  to  be  extremely 
useftil  as  a reagent  in  forming  numerous  chemical  com*  5 
pounds.  However,  the  storage  of  hydrogen  sulfide  is 
hazardous  due  to  its  extreme  toxicity  and  high  volatil- 
ity. Numerous  attempts  have  been  made  to  overcome 
these  problems  or  to  avoid  such  problems  by  providing 
a source  of  hydrogen  sulfide  which  would  not  be  sub- 
ject to  these  problems,  but  which  could  be  actuated,  as 
desired,  to  supply  the  needed  hydrogen  sulfide.  How- 
ever, none  of  the  prior  art  techniques  have  been  en- 
tirely satisfactory.  Thus,  it  has  been  known  that  the  2J 
foregoing  problems  could  be  somewhat  alleviated  by 
using  iron  sulfide  and,  when  desired,  reacting  this  with 
hydrochloric  acid  to  generate  hydrogen  sulfide.  While 
this  technique  is  effective,  is  still  involves  handling  and 
storage  of  a highly  corrosive  acid.  30 

BRIEF  SUMMARY  AND  OBJECTS  OF  THE 
INVENTION 

These  disadvantages  of  the  prior  art  are  overcome 
with  the  present  invention  and  a novel  technique  is  3$ 
provided  for  producing  hydrogen  sulfide  while  avoiding 
the  problem*  of  the  prior  art  as  set  forth  above.  The 
advantages  or  the  present  invention  are  obtained  by 
producing  stable,  solid,  unsubstituted  sulfonium  salts 
which,  when  mixed  with  water,  react  to  release  hydro-  40 
gen  sulfide. 

Stable  alkyl  sulfonium  salts  have  been  known  hereto- 
fore and  are  very  important,  in  industry,  as  detergents, 
etc.  However,  unsubstituted  sulfonium  salts  have  only 
been  previously  known  to  exist  at  low  temperatures,  of  45 
the  order  of  —30“  C,  and  in  super-acid  solutions,  such 
as  fluorosulfonic  acid.  Many  papers  have  referred  to 
sulfonium  salts  in  solution.  However,  none  of  the  prior 
art  has  suggested  how  these  salts  could  be  isolated.  In 
contrast.  Applicant  has  discovered  a simple  method  for  50 
isolating  stable  solid  unsubstituted  sulfonium  salts  by 
protonation  of  H*S  in  HF  + SbF,. 

Accordingly,  it  is  an  object  of  the  present  invention 
to  provide  an  improved  technique  for  generating  hy- 
drogen sulfide.  33 

Another  object  of  the  present  invention  is  to  provide 
a method  of  generating  hydrogen  sulfide  which  does 
not  involve  storage  or  handling  of  hazardous  materials. 

An  additional  object  of  the  present  invention  u to 
provide  stable  solid  unsubstituted  sulfonium  salts.  60 


A specific  object  of  the  present  invention  is  to  pro- 
vide a method  of  producing  stable  solid  unsubstituted 
sulfonium  salts  by  protonatioa  of  H*S  in  HF  4-  SbF,. 

These  and  other  objects  and  features  of  the  present 
invention  will  be  apparent  from  the  following  detailed 
description. 

DETAILED  DESCRIPTION  OF  THE  INVENTION 

In  that  form  of  the  present  invention  chosen  for  pur- 
poses of  illustration,  protonation  of  hydrogen  sulfide  in 
HF-SbF,  will  produce  a stable  solid  unsubstituted  sulfo- 
nium salt. 


EXAMPLE 

S.38  mmol  of  SbF,  and  10  ml  of  liquid  anhydrous  HF 
were  combined  at  —196*  C in  a Teflon  ampule.  The 
mixture  was  wanned  to  25*  C to  given  a homogenous 
solution.  Thereafter,  the  solution  was  cooled  to  —196* 
C and  7. 10  mmol  of  hydrogen  sulfide  was  added.  The 
mixture  was  wanned  to  -78*  C,  then  slowly  to  25*  C. 
During  the  warm-up,  a white  solid  formed,  which  was 
only  partially  soluble  in  the  excess  of  HF.  The  volatile 
products  were  removed  at  25*  C in  vacuo,  leaving 
1.452g  of  a white  stable  solid.  The  calculated  weight 
for  5.38  mmol  of  SH,*SbF,~  is  1 .457g.  Moreover,  the 
calculated  microanalytical  values  for  SH^SbF,  are  Sb 
44.95  and  S 1 1.85  while  the  values  obtained  by  mea- 
surement of  the  white  solid  are  Sb  44.8  and  S 1 1.9. 
Accordingly,  it  is  concluded  that  the  white  solid  is 
SH,*SbF«~.  It  was  found  that  this  material  can  be 
stored  indefinitely  at  25*  C in  Teflon  containers. 

To  use  the  sulfonium  salts  to  generate  hydrogen  sul- 
fide, ill  has  been  found  that  the  sulfonium  salts  react 
with  water  according  to  the  formula: 

SM/SbF,-  + H/>  -•  H/TSblY  + H.S  T 
Thus,  the  sulfonium  salt  can  be  stored  safely  as  a stable 
solid  and,  when  desired,  can  be  combined  with  water  to 
release  H,S. 

Obviously,  numerous  variations  snd  modifications 
can  be  rude  without  departing  from  the  present  inven- 
tion. Accordingly,  it  should  be  dearly  understood  that 
the  forms  of  the  present  invention  described  above  are 
illustrative  only  and  are  not  intended  to  limit  the  scope 
of  the  present  invention. 

What  iii  claimed  is: 

1.  An  unsubstituted  sulfonium  salt  having  the  for- 
mula SIVSbF,-  which  is  a solid  that  is  stable  at  25*  C. 

2.  The  method  of  producing  SH,*SbF,~  consisting  of 
the  steps  of: 

forming  a homogenous  mixture  of  SbF,  and  liquid 
anhydrous  HF, 

cooling  said  mixture  to  -196*  C, 

adding  hydrogen  sulfide,  and 

gradually  warming  the  resulting  mixture  until  a white 
solid  is  formed. 


65 


672 


Lii  jitai  - J lit  Lili  l VV.lilll.ti  aJ 


United  States  Patent  ll9) 

Schack  et  al. 


mi  4,012,492 
1 45)  Mar.  15,  1977 


(54)  SYNTHESIS  OF  ANHYDROUS  METAL 
PERCHLORATES 

(75)  Inventor.:  Cart  J.  Schack,  Chalsworth;  Donald 
Pilipovich,  Agouru,  both  of  Calif. 

1 73)  Assignee:  The  United  States  of  America  as 

represented  by  the  Secretary  of  the 

Navy,  Washington,  D.C. 

(22)  Filed:  June  10,  1975 

(21)  Appi.  No.:  585,549 

(521  VS.  Cl 423/472;  423/476; 

423/500 

(51)  IntCL* C01B  7/02;  C01B  11/00; 

C0IG  23/00;  C01G  37/00;  C01G  31/00 
1 58)  Field  of  Search  423/476,  472.  500 

(56)  References  Cited 

UNITED  STATES  PATENTS 


3,151,935  10/1964  Hnekjcelal 423/476  X 

3,157,464  11/1964  Larun  423/476 

3,615,179  10/(971  Rosenberg  423/476 

3.694.172  9/1972  Schuck  et  al 423/472  X 

3,873,677  3/1975  Christo  et  al 423/472  X 

3.922,336  11/1975  Christe  et  al 423/500  X 


Primary  Examiner— Edward  Stem 

Attorney , Aftent,  or  Firm—R.  S.  Sciascia;  Philip 

Schneider;  Thomas  McDonnell 

(57)  ABSTRACT 

Preparation  of  titanium  tetraperchiorate.  vanadium 
perchlorate,  and  chromyl  perchlorate  by  the  reactions 
of  chlorine  perchlorate  with  the  respective  anhydrous 
metai  chlorides  at  a temperature  from  about  -45®  C to 
about  20®  C.  Tlvese  perchlorates  are  useful  in  com- 
pounding gas  generating  compositions. 


3.075.827  1/1963  CreUnwyer 
3,102.784  9/1963  Cak  


423/476 

423/476 


5 Claims,  No  Drawings 


1 


4,012,492 


< 


* 


SYNTHESIS  OF  ANHYDROUS  METAL 
PERCHLORATES 

BACKGROUND  OF  THE  INVENTION 

1 . Field  of  the  Invention 

The  invention  pertains  to  the  preparation  of  inor- 
ganic oxidizing  salts  and  in  particular  to  the  prepara- 
tion of  anhydrous  metal  perchlorates. 

2.  Prior  Art 

Syntheses  of  anhydrous  metal  perchlorates  have  been 
restricted  mainly  to  metals  from  Groups  I and  II.  A few 
preparations  have  been  reported  for  transition  metal 
perchlorates  as  well  as  NO,*  and  NH,*  complex  per- 
chlorates. 

One  method  is  known  for  the  preparation  of  anhy- 
drous titanium  tetraperchloratc.  This  method  proceeds 
by  the  reaction  of  anhydrous  perchloric  acid  with  anhy- 
drous titanium  tetrachloride.  However  the  product  is 
not  pure  as  is  evidenced  by  the  data  presented  pertain- 
ing to  the  melting  point,  analysis,  stability,  yield,  and 
polycrystallinc  form.  A major  disadvantage  of  the  im- 
purities in  the  product  is  the  necessity  of  refrigeration. 
Other  disadvantages  of  this  synthesis  are  the  scarcity, 
expense,  and  danger  of  anhydrous  perchloric  acid. 

The  known  method  for  the  preparation  of  chromyl 
perchlorate  is  through  the  reaction  of  chromyl  chloride 
and  dichlorinc  hexoxide.  Although  the  reaction  prod- 
uct is  pure,  the  synthesis  has  the  disadvantages  which 
-result  from  the  scarcity,  expense,  and  danger  of  anhy- 
drous dichlorinc  hexoxide. 

SUMMARY  OF  THE  INVENTION 

It  is,  therefore,  an  object  of  (his  invention  to  form 
anhydrous  metal  perchlorates  safely,  quickly,  and  inex- 
pensively. 

Another  object  of  this  invention  is  to  form  anhydrous 
metal  perchlorates  in  a high  degree  of  purity. 

These  and  other  objects  are  achieved  by  a method 
which  proceeds  by  the  following  reactions: 

C'lOfCIt  + 20/),  - 20,  + ('KV<X).I, 

TiO,  + 40/),  - 40,  + TilOO,), 

VOO,  + XI/),  - V0(00,»,  + XI, 

and  which  occur  at  a temperature  from  -45°  C to  20° 
C. 


2 

The  reactants  arc  added  in  stoichiometric  amounts. 
Thus  for  the  synthesis  of  chromyl  perchlorate  the  reac- 
tants are  added  in  a CrO,Cl,-to-CI,0«  mole  ratio  of  1 :2. 
For  the  synthesis  of  vanadium  perchlorate,  the  reac- 
S tants  arc  added  in  a VOCI,-to-CI,0,  mole  ratio  of  1 :3. 
it  is  preferred  that  an  extra  5 to  10  mole  percent  of 
0,0,  is  added  in  order  to  decrease  the  reaction  time. 
Since  water  produces  impurities  in  the  perchlorate 
product,  the  reactants  and  the  system  should  be  anhy- 
to  drous. 

The  reactants  may  be  added  in  any  order  or  in  any 
rate.  However  the  reactions  are  exothermic;  so,  meas- 
ures must  be  taken  to  ensure  that  reaction  temperature 
docs  not  exceed  about  20°  C.  According  to  a preferred 
13  embodiment  of  this  invention  the  reactants  arc  added 
to  the  reaction  vessel  in  the  solid  state,  thereby  mini- 
mizing the  vapors  of  the  reactants. 

This  embodiment  is  utilized  in  Example  I given  here- 
inafter. It  is  understood  that  the  examples  arc  given  by 
20  way  of  illustration  and  arc  not  intended  to  limit  the 
disclosure  or  the  claims  to  follow  in  any  way. 

EXAMPLE  I 

Titanium  tetrachloride  (1.22  mmol)  and  CiOCIO, 
2J  (6.01  mmol)  were  combined  at  —196°  in  a 75  ml  stain- 
less steel  cylinder  and  then  gradually  wanned  to  —25°. 
After  several  days,  rccooling  to  —196°  showed  no  non- 
condensablc  gases  were  present.  The  contents  of  the 
reactor  were  separated  by  fractional  condensation  in  a 
30  series  of  U- traps  cooled  to  —78°,  —1 12°,  and  —196°. 
Nothing  was  trapped  at  —78°  while  the  —1 1 2°  fraction 
consisted  solely  of  unrcactcd  Cl/),  (1.17  mmol),  and 
the  —196"  fraction  was  Cl,  (4.88  mmol).  The  pale  yel- 
low solid  residue  left  in  the  reactor  weighed  0.525  g. 
35  17)e  weight  calculated  for  1.22  mmol  of  Ti(C10,),  was 
0.544  g and  therefore  the  yield  of  Ti(GO,)  was  97 
percent.  Vacuum  sublimation  of  the  Ti(CIO,),  was 
carried  out  in  a Pyrcx  apparatus  at  50°-60°  using  a -78° 
cold  finger.  The  sublimed  material  was  nearly  colorless 
40  and  had  a m.p.  with  dec.  of  101°-2°.  Almost  no  residue 
remained  unsubiimed.  Anal.  Calcd.  for  Ti(ClO,),:  Ti, 
10.75;  CIO,,  89.25.  Found:  Ti,  10.8;  CIO,,  87.9.  A 
sample  of  Ti(CK><),  (0.242  mmol)  was  heated  in  a 
stainless  steel  cylinder  for  4 hours  at  115°  followed  by 
45  t.5  hr.  at  190°.  This  produced  O,  (1.705  mmol),  Cl, 
(0.481  mmol),  and  a white  solid  residue  of  TiO,  (0.241 
mmol).  AH  temperatures  arc  in  degrees  Centigrade. 

EXAMPLE  II 


DETAILED  DESCRIPTION  OF  THE  INVENTION 

Due  to  the  strong  oxidizing  strength  of  the  perchlo- 
rate group  the  method  of  the  invention  must  proceed  in 
vessels  constructed  from  stainless  steel,  platinum,  tef- 
lon. monel  or  similar  non-oxidizablc  materials  or 
coated  therewith.  The  reaction  is  carried  out  at  ambi- 
ent pressure  and  at  a temperature  from  about  — 45° C to 
about  20°  C but  preferably  from  -25°  C to  0*  C.  Stir- 
ring is  optional  because  the  bubbling  of  the  by-product 
chlorine  through  the  reaction  solution  provides  suffi- 
cient agitation.  Completion  of  the  reaction  is  deter- 
mined preferably  by  monitoring  the  chlorine  gas  by- 
product. Generally  the  reaction  is  complete  within  4 to 
6 hours  and  the  perchlorate  product  may  then  be  col- 
lected. 

Preferably,  chlorine  perchlorate  is  prepared  by  the 
method  disclosed  in  U.S.  Pat.  No.  3,694, 1 72  by  Schack 
et  al. 


50  Chromyl  chloride  (1.41  mmol)  and  CIOCIO,  (3.16 
mmol)  were  reacted  at  —45°  for  sevcral  days  in  a stain- 
less steel  cylinder.  After  separation  and  identification, 
the  volatile  products  found  were  CrO,F,  (0.18  mmol), 
G,  (2.59  mmol),  and  Cl,0,  (0.66  mmol).  The  CrO, 
55  (CIO,),  (1.23  mmol)  remained  in  the  cylinder.  The 
CrOjF,  probably  arose  through  reaction  of  CrO,Cl, 
with  the  CIF,  passivated  metal  surfaces  in  the  reoctor 
and/or  vacuum  line  during  transfers.  Anal,  Calcd.  for 
CrO,  (CIO,),:  GO,,  70.3.  Found:  CIO*  69.6.  A sample 
(rQ  of  CrO,  (CIO,),  (0.65  mmol)  was  pyrolyzed  for  15  hr* 
at  1 10°  producing  Cls  (0.66  mmol),  O,  (2.21  mmol) 
and  CrO,  (0.65  mmol),  m.p.  195*-7°,  lit.  196*.  AH 
temperatures  arc  in  degrees  Centigrade. 

As  can  be  seen  from  the  examples,  the  method  of  this 
65  invention  produces  a highly  pure  anhydrous  metal  per- 
chlorate without  the  use  of  the  scarce  and  dangerous 
anhydrous  perchloric  ucid  or  dichkirine  hexoxide-  The 
anhydrous  titanium  perchlorate  has  been  stored  at 
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tix mt  temperature  for  over  three  months  without  deg- 

■ Uli.lllOlt. 

obviously  many  modifications  and  variations  of  the 
pus,  ut  invention  are  possible  in  light  of  the  above 
teachings.  It  is  therefore  to  be  understood  that  within 
the  s,  ope  of  the  appended  claims  the  invention  may  be 
practiced  otherwise  than  as  specifically  described. 

What  is  claimed  and  desired  to  be  secured  by  Letters 
Patent  of  the  United  States  is: 

1.  A method  of  preparing  an  anhydrous  metal  per- 
chlorate which  comprises  admixing  for  at  least  4 hours 
at  a temperature  from  -45*  C to  20*  C an  anhydrous 
metal  chloride  selected  from  the  class  consisting  of 
titanium  tetrachloride,  chromyl  chloride,  and  vana- 
dium oxytrichloridc  with  chlorine  perchlorate  in  a 
metal  chloride-to-chlorinc  perchlorate  mole  ratio 
which  is  1:4  if  titanium  tetrachloride  is  selected,  or  is 
1 :2  il  chromyl  chloride  is  selected,  or  is  1 :3  if  vanadium 


oxytrichloridc  is  selected,  and  recovering  said  anhy- 
drous metal  perchlorate. 

2.  A method  of  preparing  an  anhydrous  metal  per- 
chlorate which  comprises  admixing  for  at  least  4 hours 
5 at  a temperature  from  -45*  C to  20*  C an  anhydrous 
metal  chloride  selected  from  the  class  consisting  of 
titanium  tetrachloride,  chromyl  chloride,  and  vana- 
dium ox y trichloride  with  chlorine  perchlorate  in  a 
metal  chloride-to-chlorine  perchlorate  mole  ratio 
10  which  is  from  1:4.2  to  1:4.4  if  titanium  tetrachloride  is 
selected,  or  is  from  1:2.1  to  1 :2.2  if  chromyl  chloride  is 
selected,  or  is  from  1:3.15  to  1:3.3  if  vanadium  oxytri- 
chloridc is  selected,  and  recovering  said  anhydrous 
metal  perchlorate. 

15  3.  The  method  of  claim  2 wherein  said  anhydrous 

metal  chloride  is  titanium  chloride. 

4.  The  method  of  claim  2 wherein  said  anhydrous 
metal  chloride  is  chromyl  chloride. 

5.  The  method  of  claim  2 wherein  said  anhydrous 
20  metal  chloride  is  vanadium  oxytrichloridc. 

» * * * * 
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The  invention  herein  described  we*  made  in  the 
course  of  or  under  a contact  or  subcontract  therrun-  5 
der,  (or  grant)  with  the  Department  of  the  U.S.  Navy. 

BACKGROUND 

1 . Field  of  the  Invention 

This  invention  relates  to  solid  oxidizers  and  it  partic-  10 
ulariy  directed  to  methods  of  producing  nitryl  perchlo- 
rate. 

2.  Prior  Art 

Nitryl  perchlorate,  No/CKV,  hat  been  known  for 
many  yean  as  a powerful  oxidizer.  Heretofore,  the  IS 
conventional  method  of  producing  nitryl  perchlorate 
bat  required  the  reaction  of  chlorine  dioxide,  CIO,, 
with  nitrogen  dioxide,  NO,,  and  ozone.  Q».  Unfortu 
nately,  chlorine  dioxide,  in  either  the  gaseous  or  liquid 
state,  tends  to  explode  for  no  apparent  reason.  Conte-  20 
quently,  any  operation  which  involves  chlorine  dioxide 
it  hazardous  to  people,  buildings  and  equipment 

SUMMARY  OF  THE  INVENTION 

These  disadvantages  of  the  prior  art  are  overcome  25 
with  the  present  invention  and  an  improved  method  of 
producing  nitryl  perchlorate  is  provided  which  elimi- 
nates the  use  of  chlorine  dioxide,  with  its  attendant 
hazards,  yet  provides  good  yields  and  easy  purification. 

The  advantages  of  the  present  invention  are  prefer-  30 
ably  attained  by  providing  a method  of  producing  nitryl 
perchlorate  by  reacting  chlorine  nitrate,  ONO*  with 
ozone. 

Accordingly,  it  is  an  object  of  the  present  invention 
to  provide  improved  methods  of  producing  oxidizers.  33 

Another  object  of  the  present  invention  is  to  provide 
an  improved  method  of  producing  nitryl  perchlorate. 

An  additional  object  of  the  present  invention  is  to 
provide  a safer  method  of  producing  nitryl  perchlorate. 

A ftwther  object  of  the  present  invention  ir  to  provide  40 
a method  of  producing  nitryl  perchlorate  without  the 
use  of  chlorine  dioxide. 

A specific  object  of  the  present  invention  is  to  pro- 
vide a method  of  producing  nitryl  perchlorate  by  react- 
ing chltrine  nitrate  with  ozone.  '' 

These  and  other  objects  and  features  of  the  preeent 
invention  will  be  apparent  from  the  following  detailed 
description. 

DETAILED  DESCRIPTION  OF  INVENTION  50 

In  that  form  of  the  present  invention  chosen  for  illus- 
tration, a method  of  producing  nitryl  perchlorate  is 
proposed  which  calls  for  reacting  chlorine  nitrate  with 
ozone.  It  should  be  understood  that,  as  used  herein,  the  „ 
terms  "nitryl  perchlorate”  and  “nhronium  perchlo- 
rate" are  synonymous. 

Chlorine  nitrate  is  a liquid  which  boils  at  22*  C and  is 
easily  prepared,  following  the  teachings  of  U.S.  Pat. 

No.  3,472,633,  assigned  to  the  present  assignee.  Chlo-  M 
rine  nitrate  is  not  hazardous  and  is  relatively  insensitive 
to  physical  shock. 

Although  chlorine  nitrate  is  well-known,  the  reaction 
cf  the  present  invention  it  unexpected.  Conventionally, 
CIO— X compounds  react  with  ozone  to  give  chioryl 

species;  such  as 

ctocto, -f  20,  - o/nocto,  + jo,  <n 

CtSO^F  + to,  - OjCWSO^  -V  20,  (2) 


or  it  does  not  react  at  all,  as  in 

CFdOCJ+O,  - NorwcSM  (3) 

The  reaction  of  the  present  invention  it 

OONO,  +,  - NO,*CLO,”+  30, 

This  reaction  has  been  observed  to  occur  readily  at 
temperatures  at  low  as  -78*  C,  in  the  presence  of  an 
inert  fluorocarbon  solvent,  CF^Cl,  and  at  temperatures 
ranging  from  -43*  C to  ambient  without  a solvent.  Con- 
versions, using  this  method,  have  been  as  high  as  89% 
and  yields  have  been  100%.  Moreover,  the  reactants, 
chlorine  nitrate  and  ozone,  and  the  by-product,  oxy- 
gen, are  gases;  whereas  the  nitryl  perchlorate  is  a solid. 
Consequently,  purification  it  simple  and  the  gases  may 
be  recovered  and  recycled. 

EXAMPLE  I 

Chlorine  nitrate  (24.2  cm’,  1.08  mmol)  and  CFjCI 
solvent  (approximately  250  cm*),  were  condensed  into 
a 30  ml.  steinlera  steel  cylinder  cooled  to  -196*  C in  a 
liquid  nitrogen  bath.  Following  that,  ozone  (72.6  cm*, 
3.24  mmol)  was  also  condensed  in  at  -196*  C and  the 
closed  cylinder  was  wanned  to  and  maintained  at  -43* 
C.  After  42  hrs.  the  reaction  cylinder  was  recooled  to 
-196*  C and  the  oxygen  that  had  formed  was  measured 
(53.4  cm*.  2.38  mmol)  and  pumped  away.  On  warming 
the  reaction  to  room  temperature,  the  remaining  prod- 
ucts were  separated  by  fractional  condensation  in  U- 
traps  cooled  to  -78*  , -112*,  and  -196*  C.  Unreacted 
chlorine  nitrate  (7.6  cm*.  0.34  mmol)  was  retained  at 
•1 12*  C.  Unrsrcted  ozone  and  the  CFjCl  solvent  were 
happed  at  -196*  C.  There  remained  in  the  cylinder,  the 
white  solid,  nitryl  perchlorate  (107  mg,  0.74  mmol) 
which  was  readily  dentified  by  its  infrared  spectrum 
and  comparison  to  an  authentic  sample.  The  conver- 
sion of  C1NO,  to  N0,*C10,  was  68.6%  and  the  yield 
ofNCVCKV  based  on  the  material  reacted  was  essen- 
tially quantitative. 

EXAMPLE  U 

A 30-mi.  stainless  steel  cylinder  was  loaded  succes- 
sively with  ClNQs(23.2  cm*.  1.03  mmol),  CF.C1  (ap- 
proximately 480  cm*),  and  O,  (90.5  cm*,  4.04  mmol) 
by  condensing  them  in  at  -196*  C.  The  reaction  was 
allowed  to  proceed  at  -45*  C for  72  hrs.  At  that  time  the 
oxygen  now  present  was  measured  (106  cm*  4.73 
mmol)  and  pumped  away  followed  by  all  the  other 
volatile  materials.  There  remained  in  the  cylinder  the 
white  solid  No,+00«_  (133  mg,  0.92  mmol).  The  yield 
of  nitryl  perchlorate  was  89%. 

EXAMPLE  HI 

Chlorine  nitrate  (16.4  cm*,  0.73  mmol)  and  ozone 
(61.6  cm*,  2.75  mmol)  were  separately  condensed  into 
a 30  ml.  stainless  steel  cylinder  cooled  to  -196*  C in  a 
liquid  nitrogen  bath.  The  cylinder  was  then  kept  at  -45* 
C for  66  fcrs.  The  products  were  separated  by  fractional 
condensation  in  a series  of  U-traps  cooled  to  -78*  C, 
-1 12*.  and  -196*C  after  removal  of  the  by-product  Q, 
(49.2  cm*,  2.20  mmol).  Unreacted  chlorine  nitrate  (7.8 
cm',  0.35  mmol)  and  ozone  (20.2  cm*,  0.90  mmol) 
wsre  the  only  other  volatile  species  found.  The  solid 
product  nitryl  perchlorate  (57  mg,  0.39  mmol)  re- 
mained in  the  cylinder  and  was  identified  by  its  infrared 
spectrum.  The  conversion  of  C1NO,  to  NOb*CKV  was 
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53%  and  the  yield  bated  on  the  converted  material  wae 
nearly  quantitative. 


EXAMPLE  IV 

Chlorine  nitrate  (20.4  cm*.  0.91  mmol),  CP,C1  («p-  S 
proximately  300  cm')  and  oaooe  (72.0  cm*,  3.21 
mmol)  were  condensed  successively  into  a 30  ml.  etain- 
leee  steel  cylinder  cooled  to  -196*  C.  The  doted  cylin- 
der wae  allowed  to  warm  to  ambient  temperature,  ap- 
proximately 20*  C,  for  4 boura.  The  volatile  "»«»—■*«»■  to 
were  then  pumped  out  of  the  cylinder  leaving  behind 
die  white  solid,  nitryl  perchlorate  (111  mg.  0.76 
mmol).  The  yield  of  NKVCJO,  was  84%. 

EXAMPLE  V l5 

A 30  ml  malnlats  steel  cylinder  wae  charged  with 
Cl  NO,  (24.6  cae*.  1.10  mmol),  CF/T1  (approximately 
250  cm'),  and  0,(85. 2 cm',  3.80  mmol)  by  condensing 
them  in  at  -196*  C.  The  reaction  was  allowed  to  pro- 
ceed at  -78*  C for  45  hours.  By-product , (23.8  cm',  20 
1.06  nunoi)  waa  then  measured  and  removed.  Other 
volatile  species  were  separated  by  fractional  condensa- 


tion. Unreacted  C1NO,  (17.5  cm*.  0.78  mmol)  wae 
recovered  and  the  solid  nitryl  perchlorate  formed  wae 
45  mg,  0.31  mmol.  The  conversion  of  ONO,  to  NO,** 
CIO,-  waa  28%  and  the  yield  baaed  on  the  converted 
material  was  nearly  quantitative. 

Obviously,  nunuroue  variations  and  modifications 
may  be  made  without  departing  from  the  present  inven- 
tion. Accordingly,  it  should  be  dearly  understood  that 
the  forms  of  the  present  invention  described  above  are 
illustrative  only  mid  are  not  intended  to  limit  the  scope 
of  the  present  invention. 

What  is  claimed  isc 

1.  The  method  of  synthesizing  nitryl  perchlorate 
comprising  the  step  of: 

combining  chlorine  nitrate  and  oaone  in  the  pretence 
of  an  inert  fluorocarbon  solvent  at  a temperature  in 
the  range  from  about  —78*  C to  about  ambient. 

2.  The  method  of  claim  1 wherein: 

said  conbtning  step  is  performed  in  die  presence  of 
CF,C1. 
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STABLE  CHLORINE  TRIFLUORIDE  DIOXIDE 

The  invention  herein  described  wet  made  in  the 
course  of  or  under  e contract  with  the  Department  of  5 
Navy. 

CROSS-REFERENCE  TO  RELATED 
APPLICATIONS 

The  application  it  a continuation-in-part  of  Ser.  No.  10 
529,773  filed,  Dec.  5, 1974,  now  abandoned,  and  which 
was  a division  of  Ser.  No.  290,031,  filed  Sept.  18,  1972, 
and  Mtued  Mar.  25.  1975,  at  U.S.  Pat  No.  3,873,676. 

BACKGROUND  OF  THE  INVENTION  ,5 

1.  Field  of  the  Invention 

This  invention  relatea  to  compoeitious  of  matter  and  i* 
particularly  directed  to  chlorine  trifluoride  dioxide  and 
a method  of  producing  the  same. 

2.  Prior  Art  20 

Energetic  iwnpnaitinna  of  matter  are  uaeful  in  provid- 
ing energy  sources  for  rocket  engines,  guided  missiles, 
auxiliary  power  units  for  aircraft,  ordnance,  demolition 
and  the  Such  com  petitions  conventionally  are 
produced  by  a fuel  v/ith  an  oxidizer.  Obviously,  25 

the  energy  of  such  com  positions  results  primarily  from 
the  oxidation  of  the  fuel.  Hence,  it  is  desirable  to  pro- 
vide a highly  energetic  oxidizing  agnet.  On  the  other 
hand,  it  ia  equally  desirable  that  the  oxidizing  agcct  be  a 
stable  so  as  to  prevent  accidental  or  unin  ten-  30 

tional  ignition  or  explosive  decomposition  of  the  com- 
position. Numerous  organic  and  inorganic  compounds 
have  been  proposed  heretofore  for  uae  aa  such  oxidizing 
agents.  However,  it  has  been  found  that,  aa  a general 
rule,  stable  compounds  are  low  energy  oxidizers  and  35 
high  energy  oxidizers  are  unstable.  Thus,  although 
some  uaeftil  oxidizing  agents  have  been  diacloaed  by  the 
prior  art,  the  search  for  a stable,  high-energy,  oxidizing 
material  hat  continued.  In  recent  years,  studies  have 
indicated  that  halogen  oxyfluoride  materials  might  pro-  40 
vide  a satisfactory  oxidizing  material.  However,  al- 
though empirical  formulas  may  be  stated  for  such  mate- 
rials and  some  of  the  properties  of  such  materials  may 
be  predicted,  the  synthesis  of  these  materials  has  proven 

to  be  extremely  difficult  and  it  is  sometimes  found  that  45 
several  materials,  each  having  distinct  structures  and 
properties,  are  defined  by  a single  empirical  formula. 
Thus,  U.S.  Pat  No.  3,285,842  discloses  a process  for 
producing  a material  which  was  believed  to  have  the 
empirical  formula  chlorine  trifluride  dioxide,  CIFjOj,  50 
which  the  patent  states  to  be  a violet  liquid  which  is 
unatahle  at  temperturcs  above  -71*  C.  It  was  subse- 
quently shown,  however,  that  this  composition  does  not 
contain  the  chemical  compound  CIFjO*  but  consists  of 
a mixture  of  chlorine  fluorides  and  oxygen  fluorides  (K.  55 
O.  Christa,  R.  D.  Wilson,  and  I.  B.  Goldberg,  J.  Fluor- 
Chea.,  7,543  (1976).  This  tact  readily  explains  the  great 
difference  in  physical  and  chemical  properties  between 
the  composition  and  the  novel  composition  diacloaed  in 
this  invention.  While  it  would  be  expected  that  the  40 
previously  claimed  composition  would  also  be  a highly 
energetic  oxidizing  agent,  the  lack  of  stability  renders  it 
unsafe  for  uae  in  the  production  of  propellants  and  the 
like. 

45 

Brief  Summary  and  Objects  of  Invention 

These  disadvantages  of  the  prior  art  are  overcome 
with  the  present  invention  and  a composition  of  matter 


is  diacloaed  which  baaed  on  its  chemical  structure  truly 
ia  chlorine  trifluride  dioxide.  It  is  sufficiently  stable  at 
+25*  C and,  hence,  can  be  safely  employed  for  manu- 
facturing propellants  and  the  like.  In  addition,  a method 
ia  disclosed  for  producing  chlorine  trifluoride  dioxide 
by  reacting  CIF2O2+  PtF»-  with  a strong  lewis  base  at 
a temprature  of  about  —78*  C and  separating  the  prod- 
ucts of  the  reaction  by  distillation. 

Accordingly,  it  is  an  object  of  the  present  invention  to 
provide  a new  composition  of  matter  having  the  chemi- 
cal composition  CIFjOj. 

An  additional  object  of  the  present  invention  is  to 
provide  a method  of  producing  chlorine  trifluoride 
dioxide. 

A specific  object  of  the  present  invention  ia  to  pro- 
vide chlorine  trifluoride  dioxide  by  reacting  C1FjOj+ 
salts  with  nitryl  fluoride  at  a temperature  of  about  —78* 
C and  separating  the  products  of  the  reaction  by  dhtilla- 
tion. 

These  and  other  objects  and  features  of  the  present 
invention  will  be  apparent  from  the  following  detailed 
description. 

DETAILED  DESCRIPTION  OF  THE 
PREFERRED  EMBODIMENT 

In  that  form  of  the  present  invention  chosen  for  pur- 
poses of  illustration,  chlorine  trifluoride  dioxide  has 
been  produced  by  reacting  a CIF2O2+  salt,  such  as 
CIFjOj+PtF*-,  with  a strong  Lewis  base  at  -78*  C 

EXAMPLE  1 

A sample  of  CIOj+PtF*-  containing  about  10%  of 
CIFjO  j+PtF*-  was  treated  at  -78*  C in  a sapphire 
reactor  with  a large  excess  of  FNO  for  several  day*.  No 
material  naocondenaible  at  - 196*  C (Le..  Fj)  was  ob- 
served. The  products,  volatile  at  25*  C were  removed 
mm!  separated  by  fractional  nrwrirnaatifni  through  a 
aeries  of  traps  kept  at  - 126*  C,  — 142*  C,  and  — 196*  G 
The  —142*  C fraction  contained  a novel  compound 
which  was  identified  by  its  infrared  spectrum  aa  CIF- 
jOj. The  observed  frequencies  are  listed  in  Table  1 and 
are  in  excellent  agreement  with  those  expected  for  a 
trigonal  bypyramidal  structure  of  symmetry  C2r 


a< 


This  structure  was  confirmed  by  1VF  nuclear  resonance 
spectroscopy.  The  observed  signal  ronaiatnd  of  a typical 
ABj  pattern  centered  at  —413  ppm  relative  to  the  exter- 
nal standard  CFClj.  The  F-F  coupling  constant  was 
measured  to  be  443  Hz.  The  Bj  part  of  the  ABj  pattern 
occurs  down  field  from  the  A pert,  proving  that  the  Bj 
fluorine  atoms  occupy  the  two  axial  positions.  Addi- 
tional structural  proof  was  obtained  from  the  Raman 
spectrum  of  the  gas  and  the  liquid  showmg  strong  ab- 
sorptions at  1096, 684. 548, 527, 493, 29ft  and  229  ca->. 
The  molecular  weight  of  the  compound  was  confirmed 
by  vapor  density  measurements  (measured,  122;  calcu- 
lated. 1 24).  These  data  establish  beyond  doubt  (see  K O 
Christa  and  R.D.  Wilson,  Inorg,  Chem,  17.  1356  (1923) 
and  K.O.  Christa  and  EG  Curtis,  Inorg,  Chem.  12, 
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4,038,374 


2243  (1973)  that  contrary  to  the  previous  claim  (U.S.P. 
3,245,842)  our  novel  composition  hat  indeed  the  cbesci- 
cal  composition  CIFjOj. 

Table  I 
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aw  »*i(A))— d v,(B|) 

The  aolid  residue  obtained  from  the  FNO  displacement  1} 
reaction  showed  the  correct  weight  change  expected 
for  oonvcrrion  into  NO+PtF,-.  Its  identity  as 
NO+PtF«-  was  confirmed  by  infrared  spectroscopy. 

The  chlorine  trifluaride  dioxide  is  white  as  a solid 
having  ■ melting  point  of  about  ->1.2*  C and  colorless  M 
ss  a liquid  having  a boiling  point  of  about  -21*  C It  is 
marginally  stable  at  23*  C The  observed  stability  and 
lack  of  color  furthermore  demonstrate  that  our  product 
cannot  be  identical  with  the  previously  reported  deeply 
violet  and  unstable  dF.OJPj  and  CIFj.  O,  addition  u 
compounds  supposedly  having  the  empirical  composi- 
tion CIF,Oj. 
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s dissociation  pressure  of  ISO  millimeters  at  22*  C and 
which  can  be  removed  by  pumping.  The  QFjOj+BF*- 
ie  then  reacted  with  sufficient  FNO}  to  maintain  a liquid 
phase  at  —78*  C for  up  to  12  hours.  This  reaction  pro- 
duced solid  NOj+BF,-  plus  gaseous  ClFjOjand  FNO* 
The  two  gates  may  be  pumped  off  and  separated  by 
passing  the  gases  through  a pair  of  traps  maintained  at 
— 126*  C and  - 196*  C,  respectively.  The  chlorine  tri- 
fluoride  dioxide  will  be  caught  in  the  - 126*  C trap. 

Obviously,  numerous  variations  and  modifications 
may  be  made  without  departing  from  the  preeent  inven- 
tion. Accordingly,  it  should  be  dearly  understood  that 
the  forme  of  the  preeent  invention  described  above  are 
illustrative  only  and  are  not  intended  to  limit  the  scope 
of  the  preeent  invention. 

What  is  claimed  k 

L A new  composition  of  nutter  comprising  of  chlo- 
rine trifuioride  dioxide,  CIFjO],  having  structure 


having  the  infrared  spectrum  set  forth  in  the  following 
Table, 


EXAMPLE  U 


Table  1 


A sample  CIOj+PtF,-  containing  about  10%  of  Cl-  m 
OjFj+PtF*-  was  treated  with  a sufficient  quantity  of 
FNO]  to  maintain  s liquid  phase  at  —71*  C in  a stainless 
steel  reactor  up  to  12  hours.  This  reaction  yielded  aolid 
NOj+PtFj-  and  gaseous  OFjOjplus  FCIO,.  If  desired, 
the  chlorine  trifluoride  dioxide  may  then  be  separated  3J 
by  conventional  distillation  techniques,  as  in  a multi- 
plate distillation  tower.  * 

Small  amounts  of  materiel  were  purified  by  combin- 
ing the  CIFjOj  and  FCIOj  at  -196*  C with  a small 
excess  of  BF,.  These  materials  were  allowed  to  mix  and  m 
warm  to  ambient  temperature.  This  results  in  OF- 
jOj+BF,  . which  is  stable,  pirn  CIO,+BF4-,  which  hm 
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and  being  a white  aolid  which  melts  at  about  -81*  C to 
a colorlam  liquid  asd  boils  at  about  -21  C and  is 
stable  up  to  about  -1-25*  C 
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PRODUCTION  OF  OHj+  SALTS 

The  invention  herein  described  wu  nude  is  the 
co une  of  or  under  « contract  or  lubcoatract  thereun- 
der, (or  grant)  with  the  United  States  Navy. 

CROSS-REFERENCE  TO  RELATED 
APPLICATIONS 

This  applies  don  k a continuation-in-part  of  Ser.  No. 
767,010  tiled  Feb.  9,  1977  now  abandoned,  which  k a 
continuation-in-part  of  Ser.  No.  625,398  filed  Oct.  24, 
1975,  and  since  ahanrirmari. 


A further  object  of  the  present  invention  k to  provide 
a composition  of  cutter  which  k a strong  solid  acid 
which  k highly  useful  as  a polymerisation  catalyst 

Another  object  of  the  present  invention  k to  provide 
5 a composition  of  nutter  which  k a strong  solid  add  that 
k easily  transported,  non -corrosive,  non-volatik,  and 
safe  to  store  and  use. 

A further  object  of  the  present  invention  k to  provide 
stable  OHj+  salts  as  a new  composition  of  nutter. 

10  An  additional  object  of  the  present  invention  k to 
provide  a method  of  producing  stable  OH/  salts. 

A specific  object  of  the  present  invention  k the 
method  of  adding  a strong  Lewis  add  to  wet  HF  to 
protonate  the  water  into  a stable  OH/  salt 
13  These  and  other  objects  and  features  of  the  present 
invention  will  be  apparent  from  the  following  detailed 
description. 

DETAILED  DESCRIPTION  OF  THE 
INVENTION 

In  that  form  of  the  present  invention  chosen  for  pur- 
poses of  illustration,  a strong  Lewk  acid  k added  to  wet 
HF  to  protonate  the  water  into  a stable  OH/  salt  Suit- 
able Lewk  adds  sre  SbF,  or  AsFs. 

EXAMPLE  I 
Preparation  of  OH/SbF/' 

In  a typical  experiment,  SbFj  (8.305  mmol)  was 
placed  in  an  ampoule  and  8 ml  of  liquid  anhydrous  HF 
was  added  at  - 196*  C.  The  mixture  waa  warmed  to  25* 
C to  give  a homogenous  solution.  Next,  the  ampoule 
was  tec  hilled  to  - 196*  C aud  distilled  water  (8.30 
mmol)  wu  added.  The  mixture  wu  then  warmed  to  25* 
C.  Removal  of  till  volatile  material  in  vacuo  at  25*  C 
resulted  in  2-1 16g  of  a white  solid  residue.  The  calcu- 
lated weight  for  8.30  mud  of  OH/ShF«“  k 2.115*. 
Moreover,  a calculated  andysk  for  OH/SbF#~  yields 
HjO  7.07;  Sb  47.8  spectral  analytic  of  the  aforeuten- 


BACKOROUND  OF  THE  INVENTION 

1.  Field  of  the  Invention 

Thk  invention  relate*  to  compositions  of  nutter  and 
methods  of  producing  the  same.  More  particularly,  the 
present  invention  relates  to  stable  OH,*  salts  and  meth- 
ods  of  producing  such  tails  by  protonatioo  of  water  20 
from  wet  HF. 

2.  Description  of  the  Prior  Art 

Hydrogen  fluoride  (FH)  k widely  used  u a very 

good,  inert,  solvent.  However,  if  the  HF  becomes  wet, 
the  water  contained  therein  often  tends  to  hydroiixe  the 
intended  compounds.  Thk  destroys  the  compounds, 
sane  times  with  explosive  results. 

Numberous  methods  have  been  proposed  heretofore 
for  removing  water  from  HF.  Thus,  it  k known  to  react 
on  alkali  metal  fluoride  with  litF  to  form  the  corre- 
sponding bill  uo  ride,  dry  the  bifluoride  and  pyrolixe  the 
biflouride  to  recover  dry  FH.  Similarly,  it  hu  been 
known  to  remove  water  from  HF  electrolytically,  using 
alternating  current.  Moreover,  it  hu  been  known  to 
treat  HF  with  high  pressure  fluorine  to  remove  water 
from  the  HF.  Unfortunately,  all  of  three  prior  art  meth- 
ods of  removing  water  from  HF  are  complicated,  time- 
consuminf  and  expensive.  Furthermore,  the  latter 
method  requires  handling  of  gaseous  fluorine  under  40  boned  residue  yielded  HjO  6.93;  Sb  48.0.  The  white 
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pressure  which  k quite  haxardoua  to  undertake. 

BRIEF  SUMMARY  AND  OBJECTS  OF  THE 
INVENTION 

These  disadvantages  of  the  prior  art  are  overcome  4) 
with  the  prerent  invention  and  a novel  method  of  re- 
moving water  from  HF  k proposed  which  k simple, 
fast,  inespensi  re  rasd  safe.  Moreover,  the  method  of  the 
present  invention  yields  a by-product  which  k usefttl 
and  valuable. 

The  advantages  of  the  present  invention  are  prefera- 
bly attained  by  adding  a strong  Lewk  add  to  wet  HF  to 
protonate  the  water  into  a solid,  non-volatile  residue. 
Thk  residue  k found  to  be  aa  OH/  salt,  which  k a 
strong  solid  add  and  which  k highly  useful  u a poly- 
merisation catalyst.  The  OH/  salts  are  easily  trans- 
ported, are  nou-oorroeivt  and  are  much  safer  to  store 
and  use  than  the  liquid  ackk  for  which  they  may  be 


solid  wu  found  to  be  stable  up  to  357*  C at  which 
temperature  it  decomposed.  The  x-ray  diffraction  pat- 
tern for  thk  material  k shown  in  Tabic  I. 

TABLE  1 


Accordingly,  it  k an  object  of  the  present  invention  <0  {■*${ 
to  provide  aa  improved  method  of  removing  water  , * 
from  HF 

Another  object  of  the  present  invention  k to  provide 
a method  of  uuoviag  water  from  HF  which  method  k 
simple,  last,  economical  and  safe. 

An  object  of  the  present  invention  k to 

provide  a composition  of  matter  which  k a strong  solid 
add. 
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TABLE  I -continued 

TABLE  Il-continued 

X-Xav  Powdar  Data  far  OH,*SbFi~* 

X-Ray  Powder  Data  for  OH,+AaP 

-t 

A 

A 

Ulaa*  h k 

1 d|M  A 

•W*  a 

laleaa 

h 

k 

1 

2.12 

2.12 

ft 

2 

2 

0 

1.100 

aw 

5 2.420 

2.414 

w 

3 

1 

1 

1.073 

aw 

2.313 

2.312 

w 

2 

2 

2 

1.052 

uw 

1.999 

2.002 

w 

4 

0 

0 

1.030 

aw 

1.S33 

1.137 

w 

3 

3 

1 

1.010 

m 

1.7SS 

1.791 

aw 

4 

2 

0 

0.990 

m 

1.636 

1.634 

n 

4 

2 

2 

0.972 

w 

( 

s 

1 

I 

0.963 

V* 

10  1.5,2 

1.341 

MW  j 

0.937 

0 9J2 

« 

1.414 

1.416 

\ 

VW 

J 

4 

3 

4 

3 

0 

0.9072 

MW 

1.333 

1.353 

w 

/ 

5 

6 

3 

0 

l 

0 

0.1925 

m 

1.336 

1.333 

w { 

0.1793 

4 

4 

2 

0.1663 

m 

13  1.267 

1.266 

vw 

6 

2 

0 

O.I53S 

*» 

0.I36S 

vw 

‘CuMc.a  - 

1.015  A.  V « 314.9  A1.  Z 

- 4.  - 2.M0t 

0.(306 

m 

cm  . Cm  Ka  gad  Ni  f»H*r 

w 

w 


0.12  J 1 

aim 

0.1144 
01091 
01037 

0.7911 

0.7190  * 

0.7110  w 

0.7794  « 

0.7716  __•* 

TcuxomI.  • - 11.41  A.  e - 1.71  A.  V - 1197.1  A.  Z - «. 
p - 2.93  I CM  '.  C»  Ka  ndMom,  md  Nl  Slur 


Further  characterization  of  OH,+SbF*~  and  OH}. 
2o  +AsF4_  may  be  found  in  an  article  entitled,  “Novel 
Onium  Salta  Synthesis  and  Characterization  of 
OHj+SbFt~  and  OH2+A*Fa~",  published  in  Inorganic 
Chemistry,  Vol.  34,  No.  9,  p.2224,  September  1975  and 
written  by  K.  O.  Chriate,  C.  J.  Sc  hack  and  R.  D.  Wil- 
23  wn. 
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EXAMPLE  II 
Preparation  of  OHj+ AaF«“ 

In  a typical  experiment,  H20  (5.421  mmol)  and  anhy- 
drous HF  (8  ml  of  liquid)  were  combined  tat  - 196*  C in 
an  ampoule,  followed  by  warm-up  to  25*  C.  Arsenic 
pentafluoride  (5.427  mmol)  waa  added  to  this  mixture  at 
- 196*  C and  the  contents  of  the  ampoule  were  allowed 
to  warm  slowly  to  room  temperature.  Removal  of  vola- 
tile material  at  25*  C in  vacuo  resulted  in  1.128g  of  a 
white  solid  residue.  The  calculated  weight  for  5.421 
mmol  of  OHjH  AsF«~  is  !.127g.  Furthermore,  spectral 
analysis  of  the  residue  yielded  H]0  8.26;  As  35.7,  while 
the  calculated  analysis  for  OHj*  AsF*  ~ yields  HjO  8.66; 
As  36.0.  The  white  solid  was  found  to  be  stable  up  to 
193*  C,  at  which  temperature  it  decomposed.  The  x-ray 
diffraction  pattern  for  the  resulting  material  is  shown  in 
Table  II. 


TABLE  II 


X-Ray  Powdar  Data  for  OH,'A»3V 
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Preparation  of  Dry  HF 

Using  the  methods  of  either  Example  I or  II,  it  is  easy 
30  to  separate  dry  HF  from  the  OH3+  salt  by  distillation, 
since  HF  boils  at  20*  C. 

Thus,  the  methods  of  Examples  I or  II,  coupled  with 
the  step  of  Example  III,  have  dual  utility,  serving  to 
remove  water  from  HF  and,  also,  serving  to  produce 
33  stable  solid  OH,+  salts. 

Obviously,  numerous  variations  and  modifications 
can  be  mad*  without  departing  from  the  present  inven- 
tion. Accordingly,  it  should  be  clearly  understood  that 
the  forms  of  the  present  invention  described  above  are 
40  illustrative  only  and  are  not  intended  to  limit  the  scope 
of  the  preaent  invention. 

I claim: 

1.  A composition  of  matter  consisting  of  an  OH,  * 
cation,  and  an  anion  consisting  of  the  hexafluoride  of  a 

45  material  selected  from  the  group  consisting  of  antimony 
and  arsenic. 

2.  A composition  of  matter  consisting  of  OH, 4 SbFt 
as  s white  solid  which  is  stable  up  to  357*  C,  at  which 
temperature  it  decomposes. 

50  3.  A composition  of  matter  consisting  of  OHj. 

+ AsF*-  as  s white  solid  which  is  stable  up  to  193*  C,  at 
which  temperature  it  decomposes. 
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PHOTOLYSIS  METHOD  FOR  PRODUCING 
NF4PF4 

The  invention  herein  described  wen  made  in  the 
course  of  or  under  t contract  or  subcontract  thereun- 
der, (or  grant)  with  the  United  States  Navy. 

BACKGROUND  OF  THE  INVENTION 

1.  Field  of  the  Invention 

This  invention  relates  to  methods  for  producing  ma- 
terials and  is  particularly  directed  to  an  improved 
method  for  producing  NF4PF4. 

2.  Description  of  the  Prior  Art 

NF4*  salts  are  the  key  ingredients  for  solid  propellant 

NT, — F]  gas  generators,  such  as  that  taught  bv  D. 
Pilipovich  in  U S.  Pat.  No.  3,963, 442  for  chemical 
HF-DF  lasers.  Whereas  NF4SbF4  and  NF*A sF* 
can  be  prepared  with  relative  ease,  using  the  meth- 
ods of  W.  E.  Tclberg  e<  al.  U.S.  Pat  No.  3,7(4,570,  20 
and  K.  O.  Chriate  et  al.  U.S.  Pat  No.  3,503,719, 
these  compounds  suffer  from  the  disadvantage  of 
containing  a relatively  heavy  anion,  thus  decreas- 
ing tlieir  performance  in  an  NF,— F2  gas  generator. 
This  disadvantage  can  be  overcome  by  replacing  25 
the  SbF,"  or  AsF*-  anion  by  the  lighter  PF,~ 
anion.  The  existence  of  this  salt  has  previously  been 
claimed  by  Tolberg  et  al.  (U.S.  Pat.  No.  3,708,570), 
but  their  production  process  was  so  inefficient  that 
they  could  not  isolate  an  amount  of  material  suffi-  10 
cienl  for  iu  isolation,  identification,  and  character- 
ization 

BRIEF  SUMMARY  AND  OBJECTS  OF 
INVENTION 

This  problem  of  synthesizing  N F4PF4  is  overcome  by 
the  present  invention  and  an  efficient  method  was  found 
for  producing  NF4PF4.  The  method  of  the  present  in- 
vention involves  low-temperature  uv-photolytis  of  a 
mixture  of  NF„  F:,  and  PF,  according  to: 

Nh\  + _'[fy'c  > w/a; 

This  method  provides  NF4PF4  of  high  purity. 

Accordingly,  It  is  an  object  of  the  present  invention 
to  provide  an  improved  process  for  the  production  of 
NF4PF4. 

This  and  other  objects  and  features  of  the  present 
invention  will  be  apparent  from  the  following  examples,  50 

DETAILED  DESCRIPTION  OF  THE 
INVENTION 
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top  consisting  of  a 3-in.  diameter  optical  grade  quartz 
window.  The  vessel  had  a side  arm  connected  by  a 
Teflon  O ring  to  a Fischer- Porter  Teflon  valve  to  facili- 
tate removal  of  solid  reaction  products.  The  depth  of 
5 the  reactor  was  about  1.5  in.  and  its  volume  was  135  ml. 
The  uv  source  consisted  of  a 900-W  air-cooled  high- 
pressure  mercury  arc  (General  Electric  Model  B-H6) 
and  was  positioned  1,5  in.  above  the  flat  reactor  suface. 
The  bottom  of  the  reactor  was  kept  cold  by  immersion 
to  in  liquid  Nj.  Dry,  gaaeous  Na  waa  used  as  a purge  gas  to 
prevent  condensation  of  atmospheric  moisture  on  the 
flat  top  of  the  reactor.  As  a heat  shield  a 0.25  in.  thick 
quartz  plate  was  positioued  between  the  uv  source  sad 
the  top  of  the  reactor.  Fluorine  (9  mmol)  was  added  and 
15  the  mixture  waa  photolyzed  at  - 196*  C for  1 h with  a 
900-W  hifh-pmsaure  Hg  arc  in  the  manner  described 
above.  After  ternsintioc  of  the  photolysis,  volatile  mate- 
rial waa  pumped  out  of  the  reactor  during  its  warm-up 
to  room  temperature.  The  non-volatile  white  solid 
product  consisted  of  10  mg  of  NF4PF4 
The  salt  NF*PF4  is  a white,  crystalline,  hygroscopic 
solid,  stable  at  room  temperature,  but  rapidly  decom- 
posing at  245*  C.  Its  characteristic  x-ray  diffraction 
powder  pattern  Is  listed  in  Table  I.  Its  vibrational  spec- 
trum Is  listed  in  Table  II  and  establishes  the  ionic  nature 
of  the  salt,  i.e.  the  presence  of  discrete  NF4+  cations  and 
PF4-  anions.  This  was  further  confirmed  by  '*F  nmr 
spectroscopy  in  HF  solution  which  showed  the  triplet 
(JNf  - 230  Hjtt  d - -217)  characteristic  for  NF4  * . 
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In  a typical  experiment,  NF,  and  PFS  (27  mmol  of 
each)  were  condensed  into  the  cold  ( - lc6*  C)  bottom 
of  a pan-shaped  quartz  reactor.  This  reactor  bad  t flat 
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TABLE  Il-oontkued 


VIBRATIONAL  SPECTRUM  Of  NFJT. 
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Obviously,  oumercu*  variation*  and  modifications 
r.iay  be  made  without  departing  from  the  present  inven- 
tion. Accordingly,  it  should  be  dearly  understood  that  ixed  by  pbotolyzing  a mixture  of  NF>Fj  tad  PF,  having 

the  form  of  the  present  invention  described  above  is  „ an  approximate  mol  ratio  of  3:1:3  at  — 196’  C and  re- 
i) lucrative  only  and  is  nut  intended  to  limit  the  scope  of  moving  unreacted  volatile  starting  from  the 

the  present  invention.  non-volatile  NF*PF,  product  by  pumping  at  ambient 

We  claim:  temperature. 

1.  A process  for  the  production  ot'Nf^PFt  character-  * * • • • 
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complete.  The  NF4SbFt  may  be  used  itself  or  may  be 
combined,  in  0-15  mol  % excess,  with  CsBF4in  anhy- 
drous HF  to  produce  NF4BF4. 
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METHOD  FOR  PRODUCING  NF4BF4 
BACKGROUND  OF  THE  INVENTION 

1 . Field  of  the  Invention  5 

This  invention  relates  to  methods  of  producing 

NF4BF4  and  its  precursor  NF4SbF4. 

2.  Description  of  the  Prior  Art 

Solid  propellant  gas  generators,  such  as  that  de- 
scribed by  D.  Pilipovich  in  U.S.  Pat.  No.  3,963,542,  are  10 
of  great  importance  for  chemical  HF-DF  lasers.  These 
gas  generators  are  based  on  NFt*  salts.  Due  to  its  high 
NFjand  F2  content,  NF4BF4is  one  of  the  materials  most 
preferred  in  making  these  gas  generators.  However, 
there  has  not  previously  been  ai<  economically  feasible  15 
method  for  producing  NF4BF4  in  a state  of  sufficient 
purity  to  permit  its  practical  application. 

Several  methods  have  previously  been  reported  for 
the  synthesis  of  NF4BF4.  This  salt  has  been  prepared 
cither  directly  from  NF>  F2,  and  BF,  using  glow  dis-  20 
charge,  bremsstrahlung  or  ultraviolet  radiation,  or  indi- 
rectly from  NF4SbF4  using  a metathetical  process.  Of 
these,  only  the  metathetical  process  is  amenable  to  the 
larger  scale  production  of  NF4BF4  utilizing  existing 
technology.  The  original  metathetical  NF4BF4  process  23 
involved  the  following  steps: 

CxF  + HFifiCiHFj 

NF4SbF4  + CiHFj  S£c*SbF4  J I NF,HF, 

NF4HFj+  BFj  2SNF4DF4  f HF 

Since  the  crude  product,  thus  obtained,  contained  much 
CsSbF6,  its  NF4BF4  content  had  to  be  increased  by 
extraction  with  BrF,.  The  use  of  BrF,  resulted  in  the 
following  side  reaction: 

NF4BF4  + C*SbF4££’C»BF4  J t NF4SbF4 


30 


35 


The  composition  of  the  final  product  was  reported  to  40 
be:  91.5%  NF4BF4  and  8.5%  NF4SbF4.  In  addition  to 
the  low  purity  of  the  product  and  the  requirement  of 
BrF,  as  a recrystallization  solvent,  this  process  suffers 
from  the  following  disadvantage.  Highly  concentrated 
solutions  of  NF4HF2  in  HF  are  unstable  decomposing  to  *3 
NFj,  Fj.  and  HF.  This  can  cause  a pressure  build  up  in 
the  metathesis  apparatus  which  in  turn  can  render  filtra- 
tion steps  more  difficult. 

This  process  was  somewhat  improved  upon  by  substi- 
tuting CsF  by  AgF.  This  modification  eliminated  the  50 
BrF,  extraction  step  and  resulted  in  a product  of  the 
composition  (mol  %)-.  NF4BF4  (89),  NF4Sb2FM  (7.9), 
AgBF4  (3. 1).  However,  the  process  still  involved  the 
handling  of  concentrated  NF4HF,  solutions  and  con- 
sisted of  a rather  large  number  of  steps.  Furthermore, 
the  cost  of  silver  salts  is  rather  high  and,  therefore, 
requires  their  recycling.  This  process  can  be  described 
by  the  following  steps: 


55 


A(F  + HF  -_2'  a*HF:  (~illr4IK*i  required  to 
remove  impurities) 

2 AgHFj  + NF4SbF4  SbF,  ”4'  2 AgSbF.  J + 
NF4HF, 

NF4HF,  i BF,  “Jjf  NF4BF4  * HF 
AgHF,  * UF,“4'AjBF4  J i HF 
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AgSbF,  *lAgF  + SbF, 

Since  these  metathetical  processes  use  NF4SbF6  as  a 
precursor,  a simple  production  method  for  this  com- 
pound is  also  desirable.  Two  methods  have  previously 
been  reported  for  the  synthesis  of  NF4SbF4,ASbFs  in- 
volving the  use  of  either  high  pressure  and  temperature 
or  uv-irradiation.  Of  these,  the  thermal  method  is  more 
convenient  for  larger  scale  production.  According  to 
Tolberg  et  al.  the  most  favorable  reaction  conditions 
are: 

NF,  + F,  + SbF,  T»>NF4Sb,FI4 
2 days 

NF4Sb,Fl4  > NF4SbF4  + 2SbF, 

2-3  days 

The  resulting  product  contained  an  appreciable 
amount  of  Monel  salts  and  was  removed  from  the  reac- 
tor by  cutting  it  open  with  a hacksaw  and  scraping  out 
the  hard  clinkered  product.  Based  on  recent  work  done 
in  our  laboratory,  temperatures  (250’-260‘),  higher  than 
those  reported  by  Tolberg,  are  required  for  the  vacuum 
pyrolysis  of  NF4SbF6.xSbF,  to  NF4SbFt  within  a rea- 
sonable time  period. 

BRIEF  SUMMARY  AND  OBJECTS  OF 
INVENTION 

These  disadvantages  of  the  prior  art  are  overcome 
with  the  present  invention.  Wc  have  found  that 
NF4BF4  of  at  least  97  mol  % purity  can  be  prepared  by 
a simpler  process  using  anhydrous  HF  at  different  tem- 
peratures «s  the  only  solvent.  Furthermore,  wc  have 
shown  that  the  purity  of  the  NF4BF4  can  be  raised  to 
above  99  mol  % by  a single  recrystallization  from  BrF,. 
The  cesium  content  in  both  products  was  shown  to  be 
less  than  0.1  mol  %,  the  principal  impurity  being 
NF4SbFt. 

Our  improved  process  consists  of  the  following  steps: 


C,BF,  + 1.1  NF4SbF,  -_-7g*Lr  > 

CuSbF,  J + NP4BF40  1 NF.SbF. 
NF4BF4  + 0. 1 NF4SbF4  — > 

NF4BF4  | + mother  liquor 
(<>7  m %) 

recrytt  from  BrF,  ^ 

NF.BF, ~r- NF4BF4  | + molhtr  liquor 

(97m  %)  ^ (99+  m %) 


The  important  features  of  our  process  are: 

1.  The  use  of  CsBF4  instead  of  CxHFj  eliminates  one 
step  and  avoids  the  complications  caused  by  NF4HF2. 

2.  The  use  of  a 10  mol  % excess  of  NF4bSF4  decreases 
the  solubility  of  CsSbF4by  the  common  ion  effect. 

3.  Carrying  out  the  CsSbF4  filtration  step  at  -78'  de- 
creases the  SbF4 " concentration  since  the  sombilities 
of  SbF,~  salts  in  anhydrous  HF  decrease  with  de- 
creasing temperature  much  more  rapidly  than  those 
of  BF4  salts.  Furthermore,  the  amount  of  NF4BF4. 
retained  in  the  CsSbF*  filter  cake  by  absorption  of  a 
certain  volume  of  mother  liquor,  is  minimized  owing 
to  the  decreased  solubilities. 
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4.  Since  NF4BF4and  NF4SbF6have  comparable  solubil- 
ities in  HF  at  room  temperature,  the  10%  excess  of 
NF4SbF4used  in  the  CsSbF6  precipitation  step  can  be 
removed  as  mother  liquor  by  recrystallization  from 
HF  at . jom  temperature.  Unfortunately,  the  solubili- 
ties in  HF  at  room  temperature  are  so  high  that  a 
significant  percentage  of  the  mother  liquor  is  retained 
by  the  NF4BF4  precipitate.  This  problem  can  be  mini- 
mized by  using  for  this  recrystallization  a solvent  in 
which  these  NF4+  salts  are  less  soluble.  Thus,  a single 
recrystallization  from  BrF,  raised  the  product  purity 
above  the  99  mol  % level.  Other  suitable  solvents 
could  be  used  to  replace  BrFs  in  this  step.  The  mother 
liquors  of  the  recrystallization  steps  can  be  easily 
recycled  into  the  CsSbF6  precipitation  step,  thus 
avoiding  the  loss  of  any  NF4+  values. 


The  sythesis  of  the  NF4SbF6  precursor  was  also  sim- 
plified. It  was  found  that  most  of  the  drawbacks  of  the 
prior  art  can  be  avoided  by  drectly  synthesizing 
NF4SbF6  For  this  purpose,  NFj,  F2,  and  SbFsin  a 2:2:1 
mol  ratio  are  heated  in  a Monel  cylinder  to  250'  for  72 
hours.  The  size  of  the  cylinder  is  chosen  in  such  manner 
'hat  at  the  completion  of  the  reaction  the  autogenous 
pressure  is  about  70  atm.  The  excess  of  NFj  and  F2  is 
removed  under  vacuum  at  room  temperature  and  the 
desired  NF4SbF6  product  is  extracted  from  the  Monel 
cylinder  with  anhydrous  HF  using  about  50  ml  of  liquid 
HF  per  100  g of  NF4SbF*.  Since,  contrary  to  a previous 
r eport , the  formed  Monel  salt  impurities  (about  5%)  are 
quite  insoluble  in  anhydrous  HF,  they  can  be  easily 
removed  from  the  product  by  incorporating  a porous 
I eflon  filter  into  the  HF  solution  transfer  line.  Based  on 
elemental  and  spectroscopic  analyses  and  the  observed 
material  balances,  the  resulting  product  was  shown  to 
r>e  essentially  pure  NF4SbF*. 

In  summary,  the  combination  of  the  two  improved 
processes  for  the  syntheses  of  NF,,SbFt  and  NF4BF4, 
espectively,  results  in  a relatively  simple  and  economi- 
•al  process  for  the  production  of  NF4BF4in  a purity  of 
about  97  mol  %■  The  purity  of  the  product  can  be  in- 
reased  to  better  than  99  mol  % by  a single  recrystalli- 
/atton  from  BrF,. 

Accordingly,  it  is  an  object  of  the  present  invention 
to  provide  an  improved,  economically  feasible  process 
for  the  production  of  NF4BF4. 

Another  object  of  the  present  invention  is  to  provide 
.m  economically  feasible  metathetical  process  for  the 
production  of  high  purity  NF4BF4. 

Another  object  of  the  present  invention  is  to  provide 
m improved  process  for  the  production  of  the 
NF4SbF4  precursor. 
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DETAILED  DESCRIPTION  OF  INVENTION 

These  and  other  objects  and  features  of  the  present 
nvention  will  be  apparent  from  the  following  examples. 
It  is  understood,  however,  that  these  examples  are 
merely  illustrative  of  the  invention  and  should  not  be 
■onsidered  as  limiting  the  invention  in  any  sense. 
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EXAMPLE  I 

Antimony  pentafluoride  (1.8  mol)  was  placed  into  a 
passivated  21  Monel  cylinder  and  NF3  (3.6  mol)  and  F2 
5 (3.6  mol)  were  added  at  — 196*  C.  The  cylinder  was 
heated  to  250*  C for  72  hours.  The  unreacted  NFj  (1.8 
mol)  and  F2(1.8  mol)  were  pumped  off  at  room  temper- 
ature leaving  behind  NF4SbF4(1.8  mol).  The  NF4SbF6 
product  was  characterized  by  elemental  analysis,  infra- 
10  red,  Raman  and  ’’F  nrr>r  spectroscopy,  and  its  x-ray 
powder  diffraction  pattern.  r,nd  did  not  contain  any 
significant  amounts  of  polyantimonate  anions. 

EXAMPLE  II 

15  Cesium  tetrafluoroborate  (2.15  mol)  and  NF4SbFk 
(2.27  mol)  were  placed  in  a 21  Teflon  reactor  equipped 
with  a filter  top.  Anhydrous  HF  (27.5  mol)  was  added 
and  the  mixture  was  agitated  at  25’  C for  1 hour.  The 
reactor  was  cooled  to  - 78*  C,  inverted  and  the 
20  CsSbF6  precipitate  was  separated  from  the  NF4BF4 
solution  by  filtration.  The  filtrate  was  pumped  to  dry- 
ness, resulting  in  310g  of  product  which  based  on  its 
elemental  and  spectroscopic  analyses  had  the  composi- 
tion (in  mol  %):  NF4BF495.0;  NF4SbF64.6;  CsSbF„0.4. 
25  The  purity  of  this  crude  product  was  increased  to  97  or 
99  + mol  % by  recrystallization  at  25*  C from  anhy- 
drous HF  or  BrFs,  respectively. 

It  should  be  understood  that,  in  addition  to  its  use  as 
a precursor  for  NF4BF4,  the  NF4SbFtmay  itself  be  used 
30  as  a solid  propellant  gas  generator  or  may  be  used  as  a 
fluorinating  agent  in  other  chemical  processes. 

Obviously,  numerous  variations  and  modifications 
may  be  made  without  departing  from  the  processes  of 
the  present  invention.  Therefore,  it  should  be  clearly 
35  understood  that  the  form  of  the  present  invention  de- 
scribed above  is  illustrative  only  and  is  not  intended  to 
limit  the  scope  of  the  present  invention. 

We  claim: 

I.  Improved  metathetical  process  for  the  production 
40  of  NF4BF4,  comprising  the  steps  of  combining  CsBF4 
with  a 0-15  mol  % excess  of  NF4SbF„in  anhydrous  HF 
at  room  temperature,  cooling  the  mixture  to  -78’  C 
and  removing  the  CsSbFt  precipitate  by  filtration  at 
— 78*  C. 

45  2.  Process  according  to  claim  1,  wherein  the  excess  of 

NF4SbF6  used  is  from  5 to  10  mol  %. 

3.  Process  according  to  claim  1,  wherein  the  crude 
product  is  rccrystallized  at  room  temperature  from 
anhydrous  HF 

50  4.  Process  according  to  claim  1,  wherein  the  crude 

product  is  rccrystallized  at  room  temperature  from 
BrF,. 

5.  The  process  of  producing  NF4BF4  comprising  the 
steps  of: 

55  heating  SbF,  in  the  presence  of  an  excess  of  NFj  and 
F2to  250'  C until  conversion  of  SbF,  to  NF4SbFtis 
complete, 

combining  CsBF4  with  a 0-1 5 mol  % excess  of 
NF4SbF4  in  anhydrous  HF,  and 
60  removing  the  CsSbFt precipitate  by  filtration  at  -78’ 
C. 

***** 
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(NF4)2NIF*  high  energy  solid  propellant 
OXIDIZER  AND  METHOD  OP  PRODUCING  HIE 
SAME 

The  invention  herein  described  wu  made  in  the  5 
court*  of  or  under  • contract  or  subcontract  thereun- 
der, (or  grant)  with  the  United  Slates  Navy. 

BACKGROUND  OF  THE  INVENTION 


TABLE  I 

A r«»wwi><»i  of  ikt  Tfc*or«Uc*l  hrtitnw  of 
Vsriout  NF4v  Btfd  NF,— F)  Os*  Owwator  tsgradinus 

StMc«  Purfonutnc*  (wti ght  % mutt*  F) 


I.2KF  34.0 

2KF  M.5 

440 
55* 

*4* 


NrAfcF*.  i 
NK49F,  I. 

(NFJjSoFj 


t.  Field  of  the  Invention  10 

This  invention  relates  to  a high  energy  oxidizer  and  a 
method  of  producing  the  tame.  The  composition  of  the 
present  invention  is  particularly  useful  for  applications, 
such  at  solid  propellants  and  NF,-F2  gat  generatots. 

2.  Description  of  the  Prior  Art  O 

For  oxygen-containing  oxidizers,  the  combination  of 
an  oxidizing  cation  with  an  oxidizing  anion  b the  form 
of  a stable  solid  has  previously  been  achieved,  as  dem- 
onstrated by  the  well  known  existence  of  nitronium 
perchlorate  NO; f CIO*  . Whereas  fluorine  compounds  20 
arc  generally  stronger  oxidizers  than  the  corresponding 
oxygen  compounds,  the  synthesis  of  very  powerful, 
solid,  ionic,  fluorine  containing  oxidixers  had  previ- 
ously uot  been  possible  owing  to  the  incompatibility 
between  energetic  anions  and  the  cations.  Attempts  to  25 
combine  oxidizing  highly  fluoriuated  cations  and  anions 
had  always  resulted  in  decomposition,  accompanied  by 
elimination  of  elemental  fluorine.  Consequently,  all  the 
previously  known  solid  highly  fl no ri ruled  oxidizers 
consisted  of  the  combination  of  an  energetic  ion  with  an  30 
non -energetic  counter  ion.  The  only  progress  made  in 
this  area  consisted  of  minimizing  the  relative  weight  of 
the  non -energetic  counter  ion.  Obviously,  the  perfor- 
mance of  such  oxidizers  could  be  significantly  improved 
if  the  combination  of  an  energetic  anion  with  an  cncr-  35 
getic  cation  !n  the  form  of  a stable  solid  were  possible. 

BRIEF  SUMMARY  AND  OBJECTS  OF  THE 
INVENTION 

The  above-described  problem  of  preparing  fluorine  *0 
containing  high  energy  solid  oxidizers  is  overcome  by 
the  present  invention.  We  have  found  two  highly  ener- 
getic ions  which  can  be  combined  to  form  a stable  ionic 
solid.  These  ions  are  the  NF4*  cation  and  the  NiF* 
anion,  and  the  resulting  stable  solid  is  (he  powerful  45 
oxidizer  (NF4)2NIF*.  The  oxidizing  power  of  the  NF4  * 
cation  is  well  established.  The  oxidizing  power  of  the 
NiF*  anion  is  due  to  the  fact  that  the  parent  com- 
pound NiF4  U unstable  and  decomposes  to  NiF;  and  F;. 
Thus,  the  thermal  decomposition  of  (NF4)2NiF*  pro-  50 
cceds  according  to: 

(NF^NlP,  >2NF.  + IF,  4 NiF, 

55 

This  high  oxidizing  power  of  (NF,  2Nil*  renders  it 
extremely  useful  for  high  energy  solid  p,  opeliant  for- 
mulations. Of  particular  interest  is  its  application  to 
solid  propellant  NFrF2  gas  generators  for  chemical 
HF-DF  lasers.  For  the  latter  application,  (NF4)2NiF4  AO 
possesses,  in  addition  to  an  energetic  counter  kin,  the 
desirable  properties  of  being  self-clinkering,  and  of  con- 
taining a multiply  charged  counter  ion,  as  disclosed  in 
our  copending  application  Ser.  No.  731,i97,  filed  Oct. 

12, 1976.  Consequently,  it  is  not  surprising  that  its  tiieo-  65 
tetical  performance  in  an  NFj-F;  gas  generator  is  supe- 
rior to  those  of  the  best  previously  known  systems,  as 
becomes  obvious  from  an  inspection  of  Table  1. 


Since  NiF4  is  only  stable  ia  the  form  of  ita  NiF* 
anion,  the  (NF*)jNiF*  salt  cannot  be  prepared  directly 
from  NF),  F;,  and  NiF*,  but  was  prepared  by  the  fol- 
lowing Indirect  synthesis  in  anhydrous  HF  solution: 

2 NF.SbF*  + Ct,NtF4 ME  WllWflU  > 2 C*SM»* , + (NFJjNii; 

It  resulted  in  the  precipitation  of  the  rather  insoluble 
salt  CsSbF*.  while  the  soluble  (NF*);NiF*  remained  in 
solution.  The  two  products  were  separated  by  a simple 
filtration  step.  The  composition  of  the  crude  product 
was:  (mol  %)  (NF*)2NIF*,  11.7;  NF*SbF*,  14.4;  CsSbF*, 
3.9.  The  purity  of  this  product  can  be  caaily  increased 
by  following  the  procedures  outlined  for  NF*BF*in  our 
copeoding  application  Ser.  No.  731,19k,  filed  Oct.  12. 
1976. 

Accordingly,  it  is  an  object  of  the  present  invention 
to  provide  an  improved  fluorine  containing  high  energy 
oxidizer  derived  from  the  combination  of  an  energetic 
cation  with  an  energetic  anion  in  the  form  of  a stable 
solid. 

Another  object  of  the  present  invention  is  to  provide 
an  improved  high  energy  oxidizer  for  solid  propellants. 

Another  object  of  the  present  invention  is  10  provide 
an  improved  solid  propellant  NF)  - F;  gas  generator  for 
chemical  HF-DF  lasers. 

Ano’hcr  object  of  the  present  invention  is  to  provide 
a novel  composition  of  a matter  consisting  of 
(NF4);NIF*. 

Another  object  of  the  present  invention  is  to  provide 
a process  for  the  production  of  (NF4);NiF*. 

These  and  other  objects  and  features  of  the  present 
invention  will  be  spparent  from  the  following  example. 
It  is  understood,  however,  that  this  example  is  merely 
illustrative  of  the  invention  and  should  not  be  consid- 
ered as  limiting  the  invention  in  any  sense.  For  example, 
the  oxidizing  anion  is  not  limited  to  NiF*'  , but  could 
be  replaced  by  other  suitable  energetic  transition  metal 
fluoride  anions. 

EXAMPLE 

In  a typical  example,  Cs2NiF*  (13.45  mmol)  and 
NF*SbF*(27,9  mmol)  were  combined  in  a Teflon  FEP 
U-trap  containing  a magnetic  stirrer.  The  U-trap  was 
closed  off  on  one  side  by  a valve  and  was  connected  on 
the  other  side  through  a Teflon  filter  containing  union 
to  a second  U-trap.  Anhydrous  HF  (10  mi  liquid)  was 
added  to  the  first  U-trap  and  the  resulting  mixture  wss 
stirred  for  30  minutes  at  25*  C.  The  trap  was  cooled  to 
-78*  C and  its  contents  were  passed  through  the  filter. 
The  solid  retained  by  the  filter  consisted  of  10.0  g of 
CsSbF*  (weight  ealed  for  27  mmol  of  CsSbF*  «=  9.95  g), 
whereas  the  solid  (4.4  g)  obtained  after  evaporation  of 
the  HF  from  the  filtrate  consisted  of  a mixture  (mol  %) 
of  (NF*)2NiF*(8i.7),  NF4SbF*(14.4),  and  CsSbF* (3.9). 
The  composition  of  the  product  was  established  by 
chemical  analyses  for  NF),  Ni,  C»,  and  Sb.  The  ionic 
nature  of  the  adduct  was  established  by  infrared  spec- 
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troauapy  which  thowad  the  <&ro*g  hataia  at  II 57 
407  cat -' *,  cfcaaetocMc  (hr  NF, 4 , aarf  a smog  baud  at 
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